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Antibiotic treatment of systemic bacterial plant pathogens is an established practice in 
many crops; however, in citrus it has only recently become available for growers to utilize 
against Huanglongbing disease. The preliminary efficacy of these treatments is uncertain due to 
the inability to track their presence in phloem. The need to monitor their movement in planta, 
especially their presence and translocation in vascular tissue, is a necessary step in clarifying 
their effectiveness. Previous work has shown the value of Fluorescence Lifetime Imaging 
(FLIM) in distinguishing between fluorescent probes and plant tissue autofluorescence, which is 
normally a barrier in photochemical studies in plants. Our aim in this thesis was the synthesis 
and characterization of a fluorescent antibiotic conjugate that could be utilized for tracking in 
citrus tissue, with the specific goal of identifying movement through citrus plant phloem. 
Conjugation of streptomycin sulfate, a commercially available antibiotic, to a modified 
tris(bipyridine) ruthenium (II) chloride, a dye with desirable photophysical properties, was 
achieved via EDC:NHS coupling. Further studies were performed illustrating the characteristics 
and kinetics of this conjugate in planta, which showed that the conjugate had an increase in 
excited state lifetime upon introduction to a biological environment. Subsequent translocation 
experiments yielded results indicating that the conjugated antibiotic moves systemically upwards 
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OVERVIEW OF THESIS 
 In Chapter One an introduction to the field of study is provided. Details regarding 
pathogen impacts on agriculture are discussed as well as past and current treatment methods 
including antibiotic applications. The importance of determining the movement of agrochemical 
treatments is further discussed in relation to the nature of systemic bacterial infections. Lastly, 
the proposed tracking method and justification for synthesis of a conjugated antibiotic are 
provided.  
 Chapter Two further details the present literature regarding the scope of this thesis. An 
introduction to the Huanglongbing (HLB) disease cycle and its impact on the citrus industry is 
discussed. A review of currently used detection and treatment methods is provided with further 
expansion on bactericide usage in agriculture for both fire blight and HLB. The properties of 
antibiotics, plant tissue, and ruthenium ligand complexes are discussed in the context of 
photochemistry and plant tracking applications. A final section is devoted to the justification for 
the methodology presented in this thesis. It should be noted that many figures from literature are 
included in Chapter Two for readers to reference. The rights and permissions for these figures is 
located in the appendix.  
 Chapter Three discusses the methodologies utilized in this thesis. This section is divided 
into characterization of the synthesized conjugate, as well as methods utilized to track its 
movement in planta. The characterization section details liquid chromatography, infrared 
spectroscopy, UV vis spectroscopy, fluorimetry, and time-correlated single photon counting 




plants, as well as how Fluorescence Lifetime Imaging (FLIM) and TCSPC decay curves were 
acquired.  
 Chapter Four includes the results of the characterization studies with subsequent 
discussion of the results and the implications for the purity, conjugation, and optical 
characteristics of the newly synthesized conjugate.  
 Chapter Five includes the results of the application and translocation studies with further 
discussion of the properties of the conjugate in planta, as well as how the conjugate travels over 
time. 
 Chapter Six concludes the thesis with a review of the aim of the thesis, a recapitulation of 
what was found from the experiments conducted, and finally the importance and impact of the 
work in the context of current literature with expansion on further research to be conducted. 
 
 1 
CHAPTER ONE: INTRODUCTION 
 In recent years, there has been increasing need for extensive agrochemical usage in the 
worldwide citrus market as a result of Huanglongbing (HLB) infection, also known as citrus 
greening. This systemic bacterial infection is caused by Candidatus Liberibacter asiaticus 
(CLas), which resides in vascular tissue and results in root decay, stunting of tree growth, 
misshapen and bitter fruit, and ultimately plant death (National Academies of Sciences & 
Medicine, 2018). It is vectored by the Asian Citrus Psyllid (ACP) which acts as a host for the 
bacteria (Munir et al., 2018). Global industrial losses have been difficult to ascertain; however, 
for reference the Florida citrus industry has lost a total of $2.994 billion in revenue between 2006 
and 2014 as a result of this epidemic (National Academies of Sciences & Medicine, 2018). Since 
its onset, growers, researchers, and governmental agencies have been developing best practices 
to combat the symptoms of HLB. Originally, one of these practices was the application of 
agrochemical treatments, such as copper-based foliar sprays (Lamichhane et al., 2018; 
Richardson, 2003; Wilson, 1997). However, since many antimicrobial treatments only impact 
localized infections, they have proved ineffective in managing systemic diseases like HLB. As 
such, industrial pressure influenced governmental regulation to allow for the use of broad-
spectrum antibiotics as an emergency treatment option under Section 18 of the Federal 
Insecticide, Fungicide, and Rodenticide Act (FIFRA) ("Pesticide Emergency Exemptions," 
2019). The reason this option was approved is due in part to the success of using antibiotics to 
treat fire blight in apple and pear orchards. Fire blight is similar to HLB in that it is caused by 
bacterial infection that spreads systemically through trees. Fire blight has been treated with 




(Aćimović, Zeng, McGhee, Sundin, & Wise, 2015; Mayerhofer, Schwaiger-Nemirova, Kuhn, 
Girsch, & Allerberger, 2009). These antibiotic-based treatments used against fire blight are 
assumed to translocate systemically. Such observations provide support for their application 
towards HLB, although for citrus these antibiotic-based treatments are only assumed to 
translocate systemically. Antibiotic efficacy in citrus has had mixed results, and only a few 
studies have shown it to be efficacious at treating HLB (J. Hu, Jiang, & Wang, 2018; M. Zhang 
et al., 2014; M. Zhang, Powell, Guo, Doud, & Duan, 2012). As a result, growers must utilize 
multiple management practices to disrupt different levels of host-vector-pathogen interactions in 
conjunction with antibiotic treatment to mitigate the effects of HLB. Such techniques include 
fertilizer use to bolster plant health, pesticide application to kill ACP’s, and growing bags to 
prevent the infection of unharmed trees (National Academies of Sciences & Medicine, 2018). 
There is need for systemic tracking of antibiotics to supply evidence that applied antibiotics 
reach the phloem and are able to move freely in citrus, as this is where Clas resides. The aim of 
this work is to provide evidence that antibiotics in the phloem translocate systemically. 
Much effort has been placed into developing methods to evaluate the presence of 
agrochemicals in planta. Traditional spectroscopy methods such as atomic absorption 
spectroscopy have been utilized to illustrate the presence of metal compounds post treatment 
(Kundu, Nogueira Campos, Santra, & Rajaraman, 2019). However, this method only allows 
qualitative evaluation of compounds being present at a certain spatial level in the plant. It does 
not provide the spatial resolution necessary to differentiate between tissue type such as xylem 
and phloem. To achieve this spatial resolution, fluorescence imaging can be utilized; however, 




Langsdorf, & Lichtenthaler, 2000) that can interfere in distinguishing between the fluorescent 
probe and background plant tissue. For effective fluorescence imaging, signal to background 
noise must be minimized; unfortunately, the autofluorescence of plants causes large background 
noise that convolutes the desired fluorescent signal due to spectral overlap. In our prior research, 
we were able to exemplify the value of Florescence Lifetime Imaging (FLIM) and Time-
Correlated Single Photon Counting (TCSPC) Spectroscopy in overcoming the issue of plant 
autofluorescence. FLIM takes advantage of varying fluorescent lifetimes by mapping them over 
a fluorescence intensity image. Different lifetimes are generally indicative of different 
molecules. Length of lifetime is greatly dependent on intramolecular structure, whereby 
electrons can remain excited for longer periods of time if the excited state is slightly more 
favorable than the ground state. In this way, distinctions between signals can be ascertained to 
distinguish between background fluorescence of plants and fluorescence of the probe/cargo of 
interest. TCSPC allows the precise measurement of these lifetimes for further confirmation of 
small molecule presence by determining the time between initial fluorophore excitation and the 
subsequent photon emission. It is preferred to FLIM as the fitting process provides a more 
accurate representation of lifetime measurements. Plant autofluorescence lifetime ranges are 
relatively short (<10 ns) (Wan & Su, 2018); therefore, by utilizing a compound with a much 
longer lifetime than 10 ns, tracking of small molecules can be accomplished. We identified 
tris(bipyridine)ruthenium (II) chloride hexahydrate ([Ru(bpy)3]Cl2·6H2O) as a fluorescent dye 
with the appropriate photophysical properties to use in this application as its lifetime is much 
longer (~1µs) (Montalti, Credi, Prodi, & Gandolfi, 2006; Nakamaru, 1982) than that of plant 




photophysical characteristics necessary for FLIM tracking, we aimed to synthesize, characterize, 






CHAPTER TWO: LITERATURE REVIEW 
2.1 Citrus Greening 
2.1.1 Disease Pathology 
 The Huanglongbing (HLB) disease, otherwise known as citrus greening, is a bacterial 
disease affecting citrus. The causative agent of HLB is one of three gram-negative bacteria in the 
genus Candidatus (Garnier, Danel, & Bové, 1984). The strain specifically infecting Floridian 
citrus is suspected to be Candidatus Liberibacter asiaticus (CLas); but, Candidatus Liberibacter 
africanus (CLaf) and Candidatus Liberibacter americanus (CLam) have not been completely 
ruled out (Munir et al., 2018). It is believed that these bacteria are completely phloem restricted. 
As such, they have yet to be cultured in accordance with Koch’s Postulates, as it is difficult to 
replicate their growth conditions. However, it should be noted that the CLas genome was 
sequenced by extracting DNA from the phloem of HLB-infected trees (Tyler, Roesch, Gowda, 
Dawson, & Triplett, 2009). CLas is vectored by the Asian Citrus Psyllid (ACP), Diaphorini citri, 
a flying insect that feeds on sap in the phloem. It is an invasive species to the Americas that in its 
own right, does not cause any direct damage to citrus plants through its feeding (National 
Academies of Sciences & Medicine, 2018). However, CLas resides in the gut of the psyllid. 
Upon the psyllid feeding on citrus plant phloem, CLas is transmitted to uninfected citrus hosts, 
leading to CLas proliferation in the phloem of the plant. These interactions compose the host-
vector-pathogen structure regarding citrus plants, ACPs, and CLas, respectively.  
Symptoms of HLB include a variety of aesthetic signs such as blotchy mottling of leaves, 
stunting of shoots, and loss of foliage as seen in Figure 1. It can be distinguished from the signs 




deformed fruits with bitter juice and will remain alive for years after infection, although with 
gradual decline in health (National Academies of Sciences & Medicine, 2018). Many of these 
symptoms occur as a direct result of CLas colonization and translocation in the phloem sieve 
tubes. Root dieback also influences the plant’s ability to receive necessary nutrients for growth 
and occurs similarly as a result of CLas translocation. The aesthetic changes occur as a result of 
nutrient sequestering by CLas which also directly influences the quality and yield of fruit 
(Vojnov, 2010). Fruit quality and yield is the main issue regarding HLB infection, as it has direct 
impacts on the citrus industry worldwide. 
 
Figure 1: Symptoms of HLB-infected citrus trees 




2.1.2 Industrial Implications 
 While this thesis will focus primarily on the citrus industry in the United States, it should 
be noted that citrus greening is a worldwide pandemic affecting all areas in which citrus is 
produced. Originating in Asia and Africa (in the forms of CLas and CLaf, respectively), the 
disease made its way to the Americas by the mid-1900s being first detected in Brazil in 1942 
(Beattie G.A.C & P., 2008). Subsequently HLB was first discovered in infected citrus in Florida 
during 2005. Since then, it has spread north into the Southeastern United States with little 
hindrance. Due to initial poor management practices during the early years of HLB infection, the 
Floridian citrus industry took a massive loss with an on average $374 million yearly loss since 
HLB detection (National Academies of Sciences & Medicine, 2018). Other regions have learned 
from Florida’s initial management mistakes, with the Brazilian industry taking extenuating 
measures to prevent infection, leaving them as some of the last holdouts globally with HLB-free 
citrus trees.  
In reaction to the losses incurred by HLB, Floridian citrus growers started pressuring 
governmental agencies to fund research in the area of HLB disease management. Growers also 
invested their own assets into the Citrus Research and Development Foundation (CRDF). With 
help from the United States Department of Agriculture (USDA), the National Institute of Food 
and Agriculture (NIFA), and the CRDF, many researchers from universities around the US 
began investing time into elucidating the HLB disease process, controlling the growth of CLas, 
developing resistant citrus crops, as well as managing the ACP vector by disrupting feeding and 
breeding (National Academies of Sciences & Medicine, 2018). In fact, one such method was 




Fungicide, and Rodenticide Act (FIFRA) to allow for spraying in citrus fields ("Pesticide 
Emergency Exemptions," 2019). This action was subsequently approved in 2015, and 
streptomycin has been used since then to prevent the spread of HLB. 
2.1.3 Detection & Treatment 
The HLB host-vector-pathogen interaction web seen in Figure 2 creates many difficulties 
when trying to manage diseased plants. It would be seemingly simple to disjoint one interaction 
to disrupt the progression of the disease process; however, it has proven quite difficult due to the 
unique characteristics of HLB’s host-vector-pathogen interactions. Provided in the section are 
the detection methods, as well as treatment options regarding host-vector, vector-pathogen, and 
pathogen-host interactions. 
 
Figure 2: Host-Vector-Pathogen Interactions in Citrus Greening Pathology 





The simplest mode of detection for an HLB-infected tree is visual inspection of the tree 
leaves and branches for yellowing along the leaf veins and subsequent blotchy mottling. Other 
methods for determining infection include advanced DNA or RNA detection of CLas associated 
strands via polymerase chain reaction (PCR) (Pandey & Wang, 2019). This method is used to 
determine if ACPs are carrying CLas by taking tissue samples of the feeding sites of ACPs and 
determining if salivary sheaths are present through epifluorescence. Samples with fluorescence 
are then run through PCR and amplification of CLas strands allows for an early diagnosis before 
the symptoms of greening occur. Utilization of advanced imaging in the NIR range, as well as 
thermal imaging has been conducted with results indicating that certain spectral bands can be 
used to evaluate infection (Sankaran, Maja, Buchanon, & Ehsani, 2013). Even the use of canines 
for early detection of HLB has shown to be somewhat efficacious, and it is suspected that 
canines can recognize certain volatile organic compounds present in diseased plants (Gottwald, 
2017).  
Once HLB is detected, the general management protocol is immediate removal to prevent 
the spread of disease and disrupt the host-vector interaction. However, with entire groves being 
found infected, this can become incredibly detrimental to not only a current year’s crop, but also 
that of subsequent years. As such, insecticide use to eliminate ACP proliferation in certain areas 
is utilized. This has proven unsustainable though, as the ACP is able to feed on other plants to 
survive in areas where there is no citrus such that frequent pesticide treatments only prolong the 
inevitable. However, the coordination of spray timing between growers, as well as the removal 




Biological management through the introduction of ACP predators is also an area of active 
research, specifically with predatory wasps such as Tamarixia radiata (Alvarez, Rohrig, Solís, & 
Thomas, 2016). Another area of interest is in utilizing trap crops to remove psyllids from 
commercial citrus groves and into other areas. One study found that curry leaf and Volkamer 
lemon could be utilized to move ACP populations due to their preference for the crops over 
commercial citrus trees (Amanda, 2017). Lastly, growing disease-free nursery stock and ensuring 
its disease free status is another management practice that could lead to some better outcomes; 
however, this practice would not be a long-term solution to the HLB epidemic (Hall, Gottwald, 
Stover, & Beattie, 2013). 
Vector-pathogen disruption is another area in which much research is targeted. The 
engineering of an ACP that does not support CLas in its gut has been proposed but has not been 
realized. However, preliminary research (Ghanim, Fattah-Hosseini, Levy, & Cilia, 2016) 
indicates that CLas is actually detrimental to the cells in the ACP gut. Understanding the 
mechanism that promotes apoptosis in ACP cells may provide a means to induce organismal 
death, such that ACPs that contract CLas die as a result of their exposure. Another management 
technique proposed involves targeting the volatile organic compounds that ACP use to 
reproduce. Some of these compounds come from the plant, thus by eliminating this secretion 
from the plant, disruption in the life cycle of the ACP can be accomplished (Patt & Sétamou, 
2010). Alternatively, traps can be coated with organic compounds to attract psyllids and aid in 
eliminating the ACP population (Zanardi et al., 2019). The use of bags covering young citrus has 
also proven efficient in managing host-vector interactions, as ACPs are unable to feed on the 




continual area of research as some are able to provide faster growth and improved yield than 
bagless trees (Ampatzidis, 2019).  
The last consideration to make in the management of citrus greening is the interruption of 
host-pathogen interactions. The previous management methods described do interrupt the 
transmission of CLas to other plants, but once a plant is infected it becomes increasingly difficult 
to treat. Proposed methods of ridding plants of CLas post-inoculation include utilizing RNA 
suppression methods to hinder the growth and ideally kill CLas bacteria (Hunter & Sinisterra-
Hunter, 2018). Other gene editing technology such as the CRISPR-Cas9 pathway have been 
proposed to alter the genome of citrus such that they are resistant to greening disease (Ledford, 
2017). Lastly, thermal treatments of HLB infected trees have shown to be somewhat efficacious 
in inducing stress in CLas, given the overexpression of certain genes (Ding, Allen, Luo, Zhang, 
& Duan, 2018). 
The last disruption method we will touch on is antimicrobial agrochemical use. This 
method utilizes chemicals that interrupt the growth and/or kill bacterium on contact. In this way, 
the host-pathogen interruption is explicit. The pathogen is eliminated, and the host can recover 
from the infection. However, it should be noted that CLas causes phloem plugs that linger even 
after their titers decrease. Therefore, it is important to cut back these tree limbs so that recovery 
can occur. Citrus growers have seen some promise in this method; however, the results indicate 
that the efficacy of antimicrobial action may be limited dependent on the type and concentration 




2.2 Bactericide Usage in Agriculture 
2.2.1 Brief History & Mechanism of Action 
 Antibiotics were first discovered in the early 20th century, and with them came 
revolutions in the field of biomedicine; however, it was not until the 1950s that antibiotics were 
first used for the treatment of agricultural bacterial pests (Stockwell & Duffy, 2012). The first 
antibiotic discovered, penicillin, works by disrupting the cell wall of bacteria during cell division 
(Gordon, Mouz, Duée, & Dideberg, 2000). However, there are several modes of action for 
antibiotics to kill or hinder bacterial growth, as well as two classes of antibiotics: bacteriostatic 
and bactericidal. Bacteriostatic antibiotics inhibit further growth of infections, but do not kill 
bacteria. One such example of a bacteriostatic antibiotic is oxytetracycline. On the other hand, 
bactericidal antibiotics kill bacteria they come into contact with. An example of a bactericidal 
antibiotic is streptomycin sulfate. In agricultural use, bactericidal antibiotics are generally more 
useful; however, it should be noted that combinations of both types of antibiotics can lead to 
better outcomes in regard to plant survival (Stockwell & Duffy, 2012). It is also critical to 
understand the type of organism the antibiotics will be targeting. For example, gram positive 
bacteria have a thick layer of peptidoglycan in their cell walls. Penicillin acts by interrupting 
peptidoglycan’s synthesis. Therefore penicillin is highly effective on gram positive bacteria, and 





Figure 3: Structure of Penicillin (top left), Streptomycin (top right), and Oxytetracycline 
(bottom) 
Structures reproduced in accordance as part of the public domain (pg 107) 
 The focus of this thesis is to understand the localization and translocation of streptomycin 
sulfate in planta; therefore, the mechanism of action of this particular antibiotic will be 
discussed. Streptomycin’s structure can be seen in Figure 3. It is an aminoglycoside antibiotic 
that binds irreversibly to the ribosomes of bacteria and prevents protein synthesis. It specifically 
binds to the 16S rRNA of the 30S subunit of the bacteria’s ribosomes as seen in Figure 4, and 
prevents binding of certain tRNAs to the subunit (Modolell & Davis, 1969; Sharma, Cukras, 
Rogers, Southworth, & Green, 2007). This causes codon misreading and subsequent protein 




noted that eukaryotic ribosomes are structurally distinct from their prokaryotic ribosome 
counterparts, thus streptomycin poses no threat to human ribosomes (Pohanish & Sittig, 2015).  
 
Figure 4: Aminoglycosides (such as streptomycin) Interfering with Translation 
Reproduced in accordance with Creative Commons 4.0 License (pg 107) 
2.2.2 Localized & Systemic Infections 
Historically, inorganic salts have been utilized to treat bacterial infections in crops; 
however, synthesized organic compounds have recently made their way to the market. The 
reasoning for this variance is a result of different bacterial pathogenesis in plants. There are two 
types of infections a plant can contract: localized or systemic (Agrios, 2009). In localized 
infections, pathogens only invade tissues of a certain locale, and are limited in their mobility. 
They are superficial and affect the external structures of plants. Localized infections are 
generally spread by wind and rain, although humans can also spread infections via infected 
agricultural tools. Systemic infections occur in internal tissues of the plant, generally in the 




severe issues for plant growth and health. These pathogens are usually transmitted by a vector 
species that transmits the pathogen directly into the vasculature of the plant as described in 
Section 2.2.1 with citrus-CLas-ACP interactions. Systemic infections can be further classified 
based on the tissue they colonize, either xylem or phloem.  
As result of these differing pathogeneses, different bactericidal treatments are used. For 
most localized infections, copper-based salts have been the standard for over a century. These 
salts are solubilized and applied to the localized area via foliar spray. Copper has been shown to 
disrupt enzymes as well as interrupt cellular membranes in certain species of bacteria (Sterritt & 
Lester, 1980). Other metals such as zinc have also been proposed as antimicrobial agents with 
agricultural applications (Pasquet et al., 2014). It is also not uncommon for antibiotics to be used 
to treat localized infections, as seen in citrus plants for the treatment of citrus canker. However, 
antibiotic use has become synonymous with the treatment of systemic infections in plants, with 
the most infamous being the treatment of fire blight in apples and pears (Mayerhofer et al., 2009; 
Stockwell & Duffy, 2012; Wilson, 1997). 
It should be noted that there are also concerns regarding antibiotic resistance in plant 
pathogens (Thanner, Drissner, & Walsh, 2016). Many studies have shown the development of 
several antibiotic resistant genes, which raises concerns by not only the USDA, but also the Food 
and Drug Association (FDA) for possible implications for food crops consumed by the public. 
However, some researchers propose the impact of agricultural antibiotics is negligible as a result 
of various environmental factors leading to their degradation. These include biodegradation, 




application of broad-spectrum antibiotics in agriculture, there should be a clearer distinction as to 
their efficacy and impact over time. This will be further discussed in the subsequent section. 
2.2.3 Antibiotic Use for Fire Blight 
A prime example of antibiotic use in agriculture is in the use of streptomycin in the 
treatment of fire blight, Erwinia amylovora, in apple and pear orchards. This bacterium is spread 
by insects that spread the pathogen from tree to tree after the bacterium is released from stem 
cankers. Insects spread the pathogen to flowers of the plant where it migrates into branches and 
causes severe necrosis in infected areas seen in Figure 5 (Gusberti, Klemm, Meier, Maurhofer, & 
Hunger-Glaser, 2015; Stockwell & Duffy, 2012). Once a tree is infected, the only remedy is to 
remove the infected branches.  
The focus of antibiotic application is the prevention of infection at the site of flowers. As 
a result, the main application method is foliar spray to reduce bacterial count on flowers. Other 
methods such as trunk and branch injection have been evaluated but do not yield results to 
compensate for their labor-intensive nature (Stockwell & Duffy, 2012). Determination of 
infection is generally through macroscopic visual changes; however, more advance techniques 
have shown promise in detecting fire blight before the rapid onset of disease and infection of 
other trees. One such method is through polymerase chain reaction (PCR) amplification of 
bacterial DNA in leaf samples (Laforest et al., 2019). It can also be noted that this technique 





Figure 5: Fire blight symptoms on different hosts  
A and B, crabapple (Malus micromalus L.). C–E, pear (Pyrus communis L.). F and G, hawthorn 
(Crataegus pinnatifida Bunge). H, apple (Malus domestica L.). I–J, pear rootstock (Pyrus 
betulifolia Bunge). Reproduced with permission from Elsevier, Journal of Integrative Agriculture 
(pg 107) 
 
Since the discovery of antibiotic resistant Erwinia amylovora, there have been concerns 
regarding antibiotic use on food products (McManus, Stockwell, Sundin, & Jones, 2002). There 
are also soil microbiome concerns regarding antimicrobial resistance. Soil sorption and fixation 
studies imply mixed results and further data collection is necessary to draw conclusions on the 
lasting impacts of antibiotic use. Similarly, there are gaps in research in how antibiotics leach 
into wastewater and the implications for water treatment (Thanner et al., 2016). As a result, 
alternative treatments such as biological control via competitive bacteria that are antagonistic 
towards Erwinia amylovora have been proposed with results indicating some potential 
(Sharifazizi, Harighi, & Sadeghi, 2017). It should also be noted that some separate studies have 
shown certain bacterial resistant genes are not significantly increased in Erwinia amylovora 




exposure of humans to these formulations; while the activity and persistence of the antibiotics 
are lost quickly in environmental conditions found in groves (Stockwell & Duffy, 2012).   
2.2.4 Antibiotic Use for Citrus Diseases 
 While fire blight is transmitted by insects, they do not act as the only vector. Wind and 
rain can also spread the pathogen by point-of-entry through external openings in apple and pear 
trees. In contrast, HLB is strictly transmitted through the ACP vector. This has implications for 
the methods of antibiotic application in citrus. This means that not only can antibiotics be applied 
to trees, but also to the ACP vector to prevent the spread of the disease. However, only tree 
application of antibiotics has been shown to be effective, as pesticide use is much more practical 
for control of the psyllid vector. There have been several studies showing injection methods in 
trees and their proficiencies at lowering bacterial titers in citrus. In a study published in 2018, Hu 
et al. found an injection of both streptomycin and oxytetracycline led to 99% reduction in CLas 
titer in a field trial. In this same study, comparison to natural plant defense activators was also 
tested with results indicating that antibiotics led to better growth and fruit yield in CLas-infected 
citrus (J. Hu et al., 2018). Another set of similar studies showed a combination of penicillin and 
streptomycin as most efficient in reducing CLas in grafted citrus plants, although the application 
method varied in that root stock grafts were soaked in the antibiotic solution and then evaluated 
for CLas levels (Yaqub, Khan, & Aslam, 2019; M. Zhang et al., 2014). The use of this 
combination of antibiotics is further supported by previous evidence, and the proposed 
mechanism by which it occurs is as follows. Penicillin disrupts the cell wall of bacteria, which 
induces uptake of streptomycin into the cytoplasm where it can act on ribosomes. It should also 




treatment with penicillin before streptomycin does have the positive effect described (Plotz & 
Davis, 1962). Microneedle injection has also been an area of active research. A recent 
publication focused on precision vascular delivery of agrochemicals with milled microneedles, 
with results indicating relatively reliable application. Agrochemical application with 
microneedles was found to be more efficient at delivery with therapeutic concentrations 
increased by up to 7.5 times more than in controls (Kundu et al., 2019). This method provides 
another opportunity for growers to overcome certain barriers, namely leaf and root size 
exclusion, in the application of chemicals to treat phytobacterium. 
 In 2015, an exemption request for streptomycin was submitted to the EPA for Section 18 
of Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA). This exemption was 
subsequently approved and the use of streptomycin and oxytetracycline for the treatment of HLB 
initiated ("Pesticide Emergency Exemptions," 2019). One of the methods of application 
approved was foliar treatment. Several studies conducted have shown indeterminate results 
regarding the translocation of antibiotics (Al-Rimawi, Hijaz, Nehela, Batuman, & Killiny, 2019; 
Jiahuai Hu & Wang, 2016; Vincent, Pierre, Li, & Wang, 2019) One such study published in 
early 2019 showed that concentrations of oxytetracycline in foliar applied plants was below that 
needed to reduce CLas titers. After 22 days the concentration of oxytetracycline was found to be 
between 0.14 and 0.53 µg/g of leaf. This concentration in leaves is sufficient to reduce CLas 
populations; however, diffusion into systemic tissues would lead to lower concentrations which 
are unable to treat greening disease. These authors also proposed issues in literature regarding a 
lack of evidence of systemic translocation of antibiotics in citrus plants (Vincent et al., 2019). 




movement after root drench, but was unable to show the translocation necessary for complete 
systemic treatment (Al-Rimawi et al., 2019). On the other side of the spectrum, there are 
concerns about antibiotics being too systemic and accumulating in fruit that will eventually be 
consumed by humans. However, one study showed limited persistence of penicillin in fruit after 
trunk injection. Only metabolites derived from the breakdown of penicillin were detected in 
these fruit and they were at a very small dose (<1ppm) (McVay et al., 2019). There have also 
been concerns from growers regarding the efficacy of antibiotic treatments and their ability to 
treat HLB in the field. As such, a need has been established in both literature and by industrial 
partners; this thesis will propose a mechanism by which to evaluate the translocation of the 
antibiotic streptomycin sulfate.  
2.3 Translocation & Tracking in planta 
2.3.1 Properties Influencing Uptake & Translocation 
 We previously discussed application methods of agrochemicals which mainly include 
root drench, foliar spray, and injection. When determining the likelihood of translocation, several 
factors must be considered. Of them, the properties of the agrochemical and plant species are of 
utmost importance.  
Chemical properties that are critical to translocation in planta are surface charge, 
hydrophobicity and lipophilicity, and size and morphology of the molecule. Several studies have 
indicated that positive surface charge is directly related to root adsorption as this area has 
localized negative charge (Liu et al., 2019; Spielman-Sun et al., 2017; Zhu et al., 2012). One 
publication from 2019 reported that while negatively charged particles adhered to roots, neutral 




particular study utilized hydroponically grown tomatoes and lettuce, which inherently lacks soil 
factors that can bind chemicals before uptake. Likewise, the size of these particles was less than 
4 nm, allowing them to translocate systemically under certain parameters (Liu et al., 2019). 
Another physiochemical property influencing uptake is hydrophobicity. One study found that 
translocation from roots to leaves was dependent on chemicals being hydrophilic, whereby 
movement occurred via xylem-facilitated processes (Wu, Ernst, Conkle, & Gan, 2013). Studies 
such as this focus on root drench techniques; however, for foliar applications, hydrophobicity 
was found to facilitate uptake. This is due to the lipophilic nature of the waxy leaf surface, which 
repels water and hydrophilic compounds (Kacálková & Tlustoš, 2011). Thus, hydrophobic 
compounds have a greater chance of penetrating through the leaf to make their way systemically 
through the plant. Lastly, size and morphology of molecules can greatly influence their systemic 
translocation in plants. A paper published in 2011 focused specifically on size exclusions in plant 
tissue. The authors focused on three size classes: >50 nm, 8-20 nm, and <5 nm. Based on prior 
studies, they concluded that all three size classes could enter the intercellular space and interact 
with the outer apoplast. However, only the smallest, <5 nm, could move through cell walls and 
enter the protoplast (Dietz & Herth, 2011). These chemical properties are critical in determining 
possible uptake and translocation methods. Next, we will discuss plant and environmental 





Figure 6: Distribution of nanoparticles (NPs) of three different size classes in shoots at the 
organ, tissue and cell level 
All NPs associate with the shoot surface, partly enter the intercellular space and associate with 
the outer apoplast, whereas only small NPs efficiently traverse cell walls and can enter the 
protoplast. The schematic depicts the entire shoot, leaves and a cross-section of a leaf, showing 
epidermis, mesophyll and stomatal cells. Reproduced with permission from Elsevier, Trends 
Plant Sci. (pg 108-109) 
 
 There are multiple factors that impact agrochemical uptake and translocation. These are 
dependent on the plant species, as well as growing climate. For foliar applications, the position, 
size, and number of stomata can impact the amount of therapeutic available for translocation 




and the cuticle thickness which directly correlate positively and negatively to agrochemical 
factors, respectively (Satchivi, Stoller, Wax, & Briskin, 2001; Wallihan & Heymann-Herschberg, 
1956). Environmental factors such as temperature, wind, humidity, and water availability cause 
stomatal changes to occur (Mauseth, 2012). For example, stomata open to excrete the byproducts 
of plant metabolism. These metabolites are oxygen and water. If there is high humidity, there is 
less likelihood of stomata opening to release water (as a result of gradient differences). Thus, 
closed stomata are less likely to allow uptake and translocation of applied agrochemicals. One 
study conducted in 2011 found that flooded citrus roots (excessive water availability) signaled 
the closing of stomata, though no direct signaling molecule was identified (Rodríguez-Gamir et 
al., 2011). It has also been shown that availability of light can impact stomatal opening as a 
direct result of the level of photosynthesis occurring in plants (Davies & Kozlowski, 1975; 
Knapp & Smith, 1987; Schoch, Zinsou, & Sibi, 1980).Overall, both physiochemical properties 
and plant properties can influence uptake and translocation of agrochemicals. 
2.3.2 Chemical Translocation Pathways 
 In this section, we will discuss the various translocation pathways present in plants. There 
are two main pathways: apoplastic and symplastic (Freeman, Quillin, & Allison, 2013). They are 
differentiated by the cellular areas they traverse as seen in Figure 7. Apoplastic mechanisms 
travel outside the cell membrane but within the cell walls of plant cells, while symplastic 
mechanisms travel within the cytoplasm of the cells (Mauseth, 2012; Ross & Lembi, 2008).  
The apoplast is important to consider as it not only serves as its own pathway, but also as 
a gateway to pass through to reach the symplast (Sattelmacher, 2001). In roots, soil nutrients are 




symplast. This strip is a modified cell wall composed of mostly suberin, and acts as a barrier in 
the endodermis between the cortex and pericycle. This strip forces water into the endodermis 
through the symplastic pathway to ensure only specific nutrients can move translocated. Once 
solutes reach the pericycle they can then access the xylem and subsequently reach the upper 
areas of the plant (Evert & Eichhorn, 2012). In the leaves, the apoplast is critical in the 
solubilizing of carbon dioxide. Once solubilized, the carbon dioxide diffuses through the 
symplast and into chloroplasts to be utilized for photosynthesis. Other plant pheromones and 
hormones are emitted and received through the leaves and thus must also be solubilized in the 
apoplast (Dodd, 2003). 
 The symplast in contrast lies below the cell membrane in the cytosol. As a result, this 
pathway is responsible for the movement of essential macromolecules including amino acids and 
sugars from cell to cell through plasmodesmata. The plasmodesmata are intercellular channels 
that facilitate transfer via concentration gradients. It is important to note that larger molecules 
such as transcription factors and viruses can travel through plasmodesmata, as the size exclusion 





Figure 7: Apoplastic and Symplastic Pathways of Molecular Transport in Plants 
Figure reproduced in accordance as part of the public domain (pg 110) 
For molecules that have a size above the plasmodesmata size exclusion, other transports 
methods are available for plants to utilize. One method is endocytosis, whereby molecules are 
invaginated by the plasma membrane and restricted inside a vesicle that is contained within the 
cytosol of the cell (Russinova & de Vries, 2006). This process is not as common in plants as it is 
in other eukaryotic cells due to the presence of the cell wall. Thus, this process can be only be 
utilized for apoplastic molecules trying to enter the symplast. It should be noted that this is a 
receptor mediated process; therefore, plants have some mechanism of controlling what molecules 
enter their cells (Chen, Irani, & Friml, 2011). There was prior debate as to synonymous 
mechanisms regarding this process in plants versus animal cells, but evidence has shown that 
clathrin-coated vesicles are utilized by plant cells in the same manner as animal cells (Pérez-
Gómez & Moore, 2007). This provides another mechanism whereby agrochemical treatments 




On a more macroscopic, tissue-related basis, transport occurs in the following manner. 
Xylem transports water and water-soluble molecules upwards from the roots to the shoots of the 
plant. Phloem is responsible for any downwards movement, though it should be noted that 
phloem restricted movement is actually source to sink. This specifically concerns the movement 
of glucose and other metabolites from the production area in leaves (source) to an area that 
requires energy such as the stem or roots (sink). As such, it is possible for phloem bound 
translocation to occur upwards, though it is not as quick and efficient as xylem bound transport 
(Evert & Eichhorn, 2012; Mauseth, 2012; Ross & Lembi, 2008). Interestingly, phloem transport 
is tied intrinsically to xylem, as phloem requires the contribution of xylem bound water to 
decrease viscosity and aid in molecular movement downwards. These mechanisms of 
translocation, specifically xylem transport, are a result of turgor pressure (see Figure 8). This 
phenomenon occurs as a result of plant transpiration in the leaves, whereby water is lost. This 
loss creates a negative pressure that aids in water’s movement upwards against the force of 
gravity due to an effective concentration gradient. Water in particular can translocate in this 
fashion due to its cohesive and adhesive properties, and as a result, water soluble molecules can 





Figure 8: Graphic detailing the pressure flow mechanism in plants 
Figure reproduced with permission from McGraw Hill (pg 110-111) 
Something to note in citrus varieties is their flow of phloem being seasonally dependent. 
This was first reported in 1952 as a part of California’s Agricultural Experiment Station 
(Schneider, 1952). This phenomenon has since been shown to be linked to the appearance of 
fruit on trees, as plants require a large amount of energy and resources to produce fruit. In 
essence, the fruit act as a massive “sink” to which phloem flows towards (Bustan, Erner, & 




winter for most citrus varieties. However, this is dependent on the variety and health of the plant. 
Other considerations for phloem movement include phloem regeneration after HLB infection, 
which does occur in some HLB-tolerant citrus varieties such as lemon and mandarin cultivars. It 
was reported in 2019 that these specific trees had less phloem disruption, and those that did had 
far better phloem regeneration than non-tolerant cultivars (Deng et al., 2019). It should also be 
noted that the phloem’s pH is acidic, residing around 6.04±0.16 (Hijaz & Killiny, 2014), which 
could affect the activity of compounds present in phloem sap. Such considerations are critical 
when evaluating the movement of molecules in planta, as the season and pH can impact how 
quickly they translocate.  
We have discussed the various mechanism of molecular translocation from cell to cell via 
symplastic and apoplastic pathways, and the contributions of plasmodesmata and endocytic 
mechanisms; further discussion of tissue to tissue via xylem and phloem transport in planta was 
also provided. Lastly, citrus specific properties of phloem movement were noted for their 
dependence on season. In the subsequent section attention will be given to the methods of 
tracking agrochemical movement over time, with specific concerns over a lack of spatial 
resolution in current methodologies. 
2.3.3 Tracking Methods 
 In this final section we will review the current methodologies available to track chemical 
translocation of agrochemicals in plants. Most of these techniques have their foundation based in 
microscopy or spectroscopy. However, other methods such as immunoassays have also been 
utilized by targeting the agrochemical with a specific immunoglobulin specific for that chemical. 




from plant signals (Skoog, Holler, & Crouch, 2006). This is the ultimate concern in these 
methodologies, and by utilizing them at various time points after application, temporal resolution 
of translocation can be observed.  
 A recent study published in 2019 (Al-Rimawi et al., 2019) utilized an enzyme-linked 
immunosorbent assay (ELISA) to determine the presence or absence of both streptomycin and 
oxytetracycline in treated citrus plants. Enzyme-linked immunosorbent assays work by utilizing 
antibodies or immunogloblins that are highly specific to select molecules. The antibodies are 
linked to an enzyme that upon addition of its substrate, will elicit a signal. This signal is often a 
color change but can also be fluorescent or electrochemical in nature (Engvall & Perlmann, 
1972). The antibiotics were delivered to citrus plants by root drench as well as delivered via stem 
by making small incisions in the trunk of the plants. Sections of the plants were removed and 
ground up via mortar and pestle for analysis via purchased ELISA kits. It was found that both 
streptomycin and oxytetracycline traveled systemically upwards in root treated plants, with 
oxytetracycline having a higher overall concentration in all the examined sections. Thus, it was 
concluded that oxytetracycline can translocate more efficiently than streptomycin. This study 
exemplified detailed temporal resolution with a certain degree of spatial resolution, as samples 
were taken from external and internal stem sections (representing phloem and xylem samples, 
respectively). However, while this is a decent guideline to follow, it does not provide 
confirmation that these sections were in fact phloem and xylem. Thus, ELISA is somewhat 
limited in its spatial resolution.  
Another study published in 2016 analyzed the spatiotemporal dynamics of 




utilized high performance liquid chromatography (HPLC) to separate analytes in samples taken 
from treated trees. HPLC utilizes the varying adsorption properties of materials by flushing them 
with a mobile phase through a stationary phase (Figure 9). The flow rate of each compound is 
determined by its physical and chemical properties; thus, separation can occur (Karger, 1997). In 
this particular study, the HPLC was run in tandem with a fluorometer to detect oxytetracycline, 
which when run with chelating agents, will emit a fluorescent signal. Results indicated that 
oxytetracycline was systemically delivered to the roots and canopy of injected trees after 48 
hours, with persistence of the antibiotic lasting up to 9 months. Sample processing involved 
mincing with a scalpel and subsequently centrifuged with metal beads to ensure thorough 
grinding. As in the previous study, some degree of spatiotemporal resolution was acquired; 
however, differentiation between xylem and phloem delivery was inconclusive due to the nature 
of their methodology. 
 
Figure 9: Diagram illustrating the principle of HPLC 




Spectroscopic methods such as atomic absorption spectroscopy (AAS) have also been 
utilized for elemental tracking in planta. A recent study by Mendis et al. investigated an 
antimicrobial zinc chelate utilizing this technique (Mendis, Ozcan, Santra, & De La Fuente, 
2019). AAS takes advantage of the unique absorption patterns of free atoms and can be used to 
quantify elements in samples (Sperling & Welz, 1999). The study in question took samples from 
the roots, stems, and leaves of citrus plants treated with foliar-applied zinc chelate for treatment 
of systemic bacterial infections. Samples were subsequently ground via mortar and pestle and 
treated with acid. After 48 hours, elevated zinc levels were found in the roots, stem, and leaves, 
with the highest levels occurring in the roots, indicating translocation of the chelate. This 
technique, while efficacious at providing temporal resolution, lacks the spatial resolution 
necessary for providing direct evidence of translocation in the phloem, as samples were digested 
with acid to be processed.  
 Lastly, we will discuss single molecule detection methods for tracking in plants which 
can gain temporal resolution by taking samples over a period of time. This is a type of 
fluorescence microscopy, whereby a fluorescent probe is tagged to a molecule of interest and 
imaged to determine its localization. Single molecule detection is achieved by determining the 
limit of detection for a single fluorophore and minimizing the signal to noise ratio accordingly 
(Langhans & Meckel, 2014). This technique does provide the spatial resolution lacking in the 
previously discussed techniques; however, there are many difficulties for its effective utilization 
in plant applications. Due to the inherent fluorescence found in plants, single molecule detection 
can prove quite challenging. There are two plausible ways to overcome these difficulties. The 




absorbed and emitted by plants. For example, the fluorescent compounds mKO2 and DiI emit 
around 570 nm (Langhans & Meckel, 2014). This wavelength does not overlap greatly with the 
fluorescence of chlorophyll compounds that emit at the 600-700 nm range. Therefore, these 
fluorescent probes could in theory be utilized for single molecule tracking. However, in practice 
this is not the case. This situation, and possible workarounds, will be discussed further in Section 
2.4.1. As a result, single molecule detection has had little progress as a completely dark 
background is almost impossible to achieve in practice. An alternative solution proposed is using 
the fluorescence intensity of a probe to overcome the barrier of plant fluorescence. This is 
directly correlated to the signal to noise ratio previously discussed. If the signal (fluorescent 
probe) is significantly more intense than the noise (plant fluorescence) then single molecule 
detection can be achieved. However, this can alternatively fail if the highest intensity exceeds 
that of the brightest pixel (Langhans & Meckel, 2014). Therefore, it becomes a balancing act 
between fluorophore and plant autofluorescence to achieve single molecule detection. These 
difficulties have deterred many from pursuing the technique, and while spatial resolution can be 
achieved, the benefits do not outweigh the challenges. This concept will be discussed further in 
the subsequent section, where the autofluorescence of plant tissue will be explored, followed by 
the issues discussed briefly here in the use of fluorescence microscopy. 
2.4 Properties of Plant Tissue 
2.4.1 Fluorescence Properties 
 Considering the methodology this thesis focuses on, an overview of plant fluorescence 
will be provided. Buschmann et al. (2000) provide a broad overview of the fluorescence 




Lundquist, & Stomberg, 1999; C. Buschmann et al., 2000; Claus Buschmann & Lichtenthaler, 
1998). In this review, emphasis is given to the compounds found in plants that lead to their 
fluorescent properties. These main compounds include: ferulic acid, lignin, carotenoids, and 
chlorophylls. Each is responsible for a unique absorption and emission peak when observing the 
overall photophysical properties of plant tissue due to the presence of chromophores in their 
molecular structure (Figure 10). Their absorption and emission profiles can be seen in Figures 11 
& 12. Specifically, ferulic acid, found covalently bound to cell walls, absorbs in the 300 nm 
range and emits blue-green fluorescence. It should be noted that there are also some secondary 
emitting compounds such as berberin and riboflavin, but ferulic acid is the main contributor. 
Lignin, a cell wall constituent, absorbs between 240-320 nm and has an emission peak at 360 nm 
(Albinsson et al., 1999). Carotenoids mainly absorb light around the 400-500 nm range, and 
under some circumstances, carotenoids can even absorb the emission of ferulic acid which leads 
to a decrease in overall blue-green fluorescence in plants. Lastly, chlorophyll in the form of 
chlorophyll a absorbs in the 400-500 nm and 600-700 nm range, with emission occurring around 





Figure 10: Structures of Chlorophyll (top left), Monomers of Lignin (top right), 
Carotenoids (bottom left), and Ferulic Acid (bottom right)  
Structures reproduced in accordance as part of the public domain (pg 112)  
Since chlorophyll is found in chloroplasts, its emission intensity is directly proportional 
to the number of chloroplasts in any given sample, while ferulic acid is found homogenously 
distributed due to it being bound to cell walls (Cendrero-Mateo et al., 2016; Lang, Stober, & 
Lichtenthaler, 1991). These compounds also vary in tissue location. The epidermis only contains 
cells with ferulic acid, while the mesoderm contains ferulic acid, carotenoids, and chlorophyll. 
This concept is universal across differing plant species, as well as to differing locations of 
spectroscopy in identical species i.e. leaf section, stem cross-section, or root sample (Claus 
Buschmann & Lichtenthaler, 1998). It should also be pointed out that only bound molecules 
exhibit fluorescence in plants, while soluble compounds do not. This becomes critical when 




image could be obtained. Since only bound compounds fluoresce, a better picture of both cellular 
structure and tissue structure is seen (Claus Buschmann & Lichtenthaler, 1998).  
 
Figure 11: Native Photophysical Spectra Present in Plants 
Figure reproduced with permission from Photosynthetica (pg 112) 
 
Figure 12: Absorption & Emission Spectra of the Lignin Components Phenylcoumarones 




Fluorescence imaging has various plant science applications. Most notably in stress 
detection. Rolfe and Scholes (2010) describe the multitude of plant-pathogen interactions that 
can be detected via fluorescence imaging (Rolfe & Scholes, 2010). They focus specifically on 
the chlorophyll emission discussed previously. By analyzing various parameters, the quantum 
efficiency, operating efficiency, and linear electron transport rate through photosystems can be 
evaluated. Several studies on plant interactions with viruses, bacteria, and fungi have been 
conducted utilizing these parameters with great success in evaluating the overall health of the 
plants under external stressors. Other studies have shown the utilization of fluorescence imaging 
for locating molecules in planta (Mutka & Bart, 2015). Several such studies analyzed the 
accumulation of cadmium in plants as a result of environmental contamination by utilizing X-ray 
fluorescence (Hokura et al., 2006; Nayuki, Chen, Ohtomo, & Kuga, 2014). In a similar vein to 
environmental contamination detection, researchers in 2015 designed a fluorescent probe to 
detect zinc ion levels and distribution in plants. This acted more so as a determination of overall 
health as opposed to a determination of contamination (Lee et al., 2015).  
When dealing with fluorescence imaging, there are two main concerns: spectral overlap, 
and detector saturation. Spectral overlap occurs when the emission spectra of two fluorophores 
overlap with one another, such that the distinction between the two cannot be ascertained 
(Lakowicz, 2006). When dealing with plant tissue, autofluorescence can contribute to spectral 
overlap. This makes fluorescence imaging in plant science increasingly difficult if limited to 
certain excitation wavelengths (Mauseth, 2012). In certain instances, spectral overlap can be 
mitigated. For example, based on Figure 11, if one were to use a fluorescent dye emitting with a 




the fluorescent compounds present in plants. This becomes difficult due to the use of emission 
filters, which are normally used to filter out specific wavelengths of light. Their use in 
fluorescence microscopy is critical to separate between different fluorescent materials in a single 
sample. In plants however, this method does not provide sufficient separation due to the wide 
variety of emission spectra for the native compounds in plants. Another consideration to make in 
reference to fluorescence microscopy is an occurrence known as detector saturation can impact 
the signals collected in this method. In this instance, one must distinguish between native 
fluorescence and a probe that is ultra-fluorescent. In fluorescence microscopy, photon detectors 
have a limit to the intensities to which they can detect signals (Lakowicz, 2006). With multiple 
compounds emitting photons at the same excitation wavelength, it can become increasingly 
difficult to distinguish between the two. This is related to the signal to noise ratio discussed in 
Section 2.3.3. Clearly distinguishing between the native fluorescence of plants and the 
fluorescence of a tagged cargo of interest is challenging using the spectrally based method 
presented here. In the next section, we will discuss the utilization of time-based measurements in 
planta using Fluorescence Lifetime Imaging. A brief review of literature pertaining to the 
method will be described, followed by a section devoted to its application in this thesis. 
2.4.2 Fluorescence Lifetime Imaging (FLIM) Applications 
 It should be noted that due to the intrinsic fluorescence present in plant tissues, traditional 
fluorescence imaging of fluorescently tagged molecules is difficult as the signals emitted from 
the probes are convoluted by those of the plant. One way to work around this issue is to utilize 
fluorescence lifetime imaging (FLIM). FLIM works by measuring not only the spectrally-based 




2006; Li et al., 2010; Masters, 2010). The excited state lifetime is essentially the time a 
fluorophore is in the excited state after absorbing light but before emitting a photon. There are 
various plant applications that FLIM can be utilized for. A brief review of previous literature 
regarding time-based FLIM will be provided to evidence that this method is feasible. These 
include determining molecular interactions, measuring chlorosis in stress induced plants, 
evaluating the internal environment of plant cells, as well as contrasting the cellular structure in 
various macroscopic conditions (Bhat, 2009; Bücherl, Bader, Westphal, Laptenok, & Borst, 
2014).  
 Determining molecular interactions can be achieved using Förster resonance energy 
transfer (FRET) coupled to fluorescence lifetime imaging (FLIM) which is appropriately denoted 
as FRET-FLIM. FRET describes the energy transfer between two fluorophores, where one 
fluorophore is excited, but the other emits due to a non-radiative energy transfer between 
molecules. This process is highly dependent on the distance between the two molecules, and can 
therefore be of great use in determining the interaction of biological molecules (Bhat, 2009; 
Bücherl et al., 2014; Harris, 2010). Measuring the reactions between molecules via FLIM allows 
the further distinction of interactions as varying lifetime measurements indicate the presence of 
absence of certain parameters. Numerous plant studies have been conducted utilizing this 
technique and will be discussed below (Bhat, 2009; Long et al., 2017; Osterrieder et al., 2009; 
Wang et al., 2019).  
 One study utilizing FRET-FLIM determined the in vivo interactions between Golgi 
tethering factors and small GTPases in Arabidopsis (Osterrieder et al., 2009). Note that 




genetics, and can be used to study mechanisms that are more difficult to study in higher order 
organisms (Bidlack, Jansky, & Stern, 2017). Another study published in Nature in 2017 
investigated cell-type-specific protein interactions in Arabidopsis roots (Long et al., 2017). They 
determined that the three proteins form distinct transcription factor complexes that influence cell 
differentiation in the roots. A subsequent study on actin interactions and the endocytic machinery 
in Arabidopsis was also conducted (Wang et al., 2019). 
 
Figure 13: Intensity & Lifetime+Intensity images for normal and compressed wood at 405 
nm excitation (scale in picoseconds) 
Figure reproduced with permission from Wiley, Journal of Microscopy (pg 115-116) 
 Stress induction can also be measured utilizing FLIM. As previously discussed, the 
fluorescence of chlorophyll can be utilized to determine changes in plant homeostasis. The same 
goes for the fluorescence lifetime of chlorophyll. A recent study utilizing FLIM found that the 




leaves has a shorter lifetime than the non-infected counterparts due to damaged chloroplasts and 
inefficient photosystems (Lei, Jiang, Hu, Yan, & Zhu, 2017). Compression of wood can also act 
as a cellular stressor, and one study investigated the effect of compression on the lifetime of 
lignin autofluorescence in pine trees. Figure 13 shows that lifetime measurements allowed better 
differentiation of cell wall layers, and that the lifetime components of lignin increased under 
compression (Donaldson & Radotic, 2013). Figure 13 further illustrates the efficacy of FLIM as 
a tool to resolve spatial localization of molecules. FLIM can also be used to determine the 
structural organization of cells. A study on vacuole distribution in Arabidopsis found that 
anthocyanin lifetime could be utilized to determine distribution as it has a shorter lifetime than 
cytosolic compounds. They also determined that the lifetime of anthocyanins was determinate on 
the pH of vacuoles (Chanoca, Burkel, Grotewold, Eliceiri, & Otegui, 2018). Based on the 
literature presented herein, excited state lifetime can be utilized to differentiate between 
compounds in planta. This concept is critical to the development of this thesis and will be 
subsequently expanded upon in the next section with the introduction to a dye with an extended 
excited state lifetime.  
2.5 Properties of Ruthenium Bipyridine Complexes 
2.5.1 Brief History & Overview of Usage 
 Ruthenium is a Group 8 transition metal with an atomic number of 44. Depending on 
how ruthenium is bound to other molecules it can take on a variety of properties that make it 
useful in imaging and biomedical applications, in solar energy capture and hydrogen production, 
as an antitumor drug, or as a chemical catalyst (Keeler, 2014). When ruthenium acts as the metal 




properties that are advantageous for biomedical and imaging applications. Such characteristics 
include fluorescence intensity and long lifetime that makes identifying compounds easier against 
cellular backgrounds. These properties and their applications will be expanded upon in the 
subsequent section.  
 
Figure 14: Structure of Ruthenium tris Bipyridine (left) and functionalized Ruthenium tris 
Bipyridine (right) 
Figure reproduced with permission from Springer Nature (pg 117-118) 
Ruthenium complexes can also be utilized for water oxidation and hydrogen production 
for solar cell applications. A recent study of ruthenium complexes of 2,2’-bipyridine-
6,6’diphosphonate ligands showed their efficacy in converting water into oxygen and hydrogen 
due to their single site catalytic nature (Kamdar et al., 2016). Another similar study was able to 
manipulate the rate-limiting step in water oxidation by using bipyridine-dicarboxylate complexes 
(Shaffer, Xie, Szalda, & Concepcion, 2016). It has also been shown that ruthenium bipyridine 
complexes can be used as redox shuttles between photoanodes (Kageshima, Kumagai, 
Minegishi, Kubota, & Domen, 2015). Ruthenium can also complex into organometallic moieties 
that have antitumor properties. Several studies have shown the efficacy of these complexes at 




2015; Moreno et al., 2010). Lastly, ruthenium can act as a chemical catalyst in a variety of 
reactions, such as polymerization reactions (Huang et al., 2019). Even biomimetic reactions have 
been simulated by utilizing ruthenium complexes. One example showcased ruthenium 
complexed with 2,2’-bipyridine-6,6’dicarboxylic acid and isoquinoline that was able to mimic 
the water-oxidation activity of a plant’s photosystem (Duan et al., 2012). Thus, we can conclude 
the applications of ruthenium complexes widely vary based on its associated ligands. 
2.5.2 Cytotoxicity & Environmental Concerns 
 Although ruthenium complexes have desirable photophysical properties, their effects on 
cells are not always positive. Ruthenium complexes have been found to intercalate with DNA 
which results in misreading and subsequent cytotoxicity (Gill, Derrat, Smythe, Battaglia, & 
Thomas, 2011; Novakova et al., 1995; Wachter, Heidary, Howerton, Parkin, & Glazer, 2012). 
However, depending on the ligands complexed to ruthenium, the complex may target other parts 
of the cell such as the cell membrane (Zava et al., 2009). This can become advantageous when 
targeting certain cell types as well as for imaging applications, as is discussed in Section 2.5.1.  
 Further concern is given regarding ruthenium’s effect in the environment. In the 1970s 
the Environmental Protection Agency (EPA) conducted a review on ruthenium and its behavior 
in soil and plant systems (Brown, 1976). This review found that many of ruthenium’s properties 
and behaviors are dependent on its ligands and binding partners, and as such determining a 
singular behavior is difficult in varying environments. They found that the most important 
parameter to determine is the species and binding partners of ruthenium. Ruthenium’s behavior 
in plants was also found to be variable dependent on the species of plant, with some plants such 




little found in the stem (Klechkovsky & Guliakin, 1957). However, most studies found 
ruthenium metal localized mainly in the root systems of plants. Since the EPA’s review, much 
research has been conducted in the determination of ruthenium levels in the environment and in 
biological systems. One method to determine ruthenium levels is through voltammetry and 
atomic absorption spectroscopy (AAS) for concentration determination in airborne particulate 
matter, vegetable matrices, water, mussels, and soil sediments (Keeler, 2014). These studies have 
shown similar patterns as those previously discussed whereby the ligands and species of 
ruthenium directly impact biological and environmental interactions. This becomes important 
when considering the use of ruthenium complexes for imaging in phytological systems, as this 
thesis proposes. The subsequent sections will focus on how ruthenium bipyridine can overcome 
the barriers to traditional fluorescence imaging, specifically through the use of FLIM and TCSPC 
spectroscopy.  
2.6 Photophysical Analysis 
2.6.1 Properties of FLIM & TCSPC Spectroscopy 
 To provide context for the methods utilized in this thesis, a brief review of FLIM and 
TCSPC spectroscopy will be provided. Figure 16 illustrates a typical FLIM setup, whereby a 
microscope with a scanning stage has a pulsed laser optical train, and single photon avalanche 
diode (SPAD) detector attached to time correlated single photon counting spectroscopy software. 
As in any fluorescence microscopy technique, the laser emits an excitation pulse that excites the 
sample. The sample then emits fluorescence that is detected by the SPAD detector. The data 
collected is then processed by a computer and an intensity decay curve is produced. In FLIM an 




pixel are fitted and a lifetime is assigned to each pixel. The pixels can be classified according to 
a false color scale where short lifetimes curves are denoted as blue pixels, and long lifetimes are 
denoted as red, with a heatmap scale for colors in between. This process can be visualized in 
Figure 15, whereby a blue pixel is representative of a curve like that shown in the top right, and a 
red pixel is representative of a curve in the bottom right. It should be noted that this is just one 
option among many in the processing and scaling of FLIM images. This image is then overlaid 
onto a fluorescence intensity image to provide a better idea of the localization of long lifetimes 
compared to short lifetimes. 
  
Figure 15: Illustration showing the principle behind Fluorescence Lifetime Imaging 





Figure 16: Typical FLIM Setup (left) with diagram illustrating the principle of TCSPC 
Spectroscopy (right)  
Figure reproduced with permission from Springer Nature (pg 119-120) and Picoquant (pg 121) 
 Regarding intensity decay curves, it is critical to gain an understanding of what is 
represented. Figure 16 shows the principle of TCSPC spectroscopy, whereby each curve is actual 
representative of a histogram. This histogram is composed of photon counts on the SPAD 
detector at specific time points after the initial laser excitation pulse (shown in green). This 
information is collected over a specific integration time to best show a return to baseline. It 
should be noted that τ is representative of the reciprocal of the decay rate, where the decay rate is 
equivalent to the sum of the emissive rate and nonradiative decay rate (Lakowicz, 2006). For 
actual processing of an intensity decay curve, the slope of the curve should be acquired. This 
slope with be representative of the lifetime component measured. One way of doing this is to 
take log 𝐼(𝑡) and plot against time (t). The slope of the resulting function gives the lifetime. 
Alternatively, τ can be viewed as the time at which intensity is reduced to 1/e times its initial 




 In practice, a single exponential decay curve can also be described using the following 
equation: 𝐼(𝑡) = 𝐼0𝑒
−𝑡/𝜏. I(t) is the intensity at time (t) where I0 is the intensity at time zero, and 
τ is lifetime. For a multiexponential curve, the equation is 𝐼(𝑡) = ∑ 𝛼𝑖𝑖 𝑒
−𝑡/𝜏, where ∑ 𝛼𝑖𝑖  is 
normalized to unity (Lakowicz, 2006). When observing an intensity decay curve, a single 
exponential decay appears as a single slope. In photophysical terms, this represents a single 
emissive pathway, such that based on the appearance of the curve, there is only one excitation 
and emission center present in the sample. Alternatively, in a multiexponential intensity decay 
there are multiple pathways present for decay to occur. This is reflected by the curve in that there 
are multiple slopes present (Montalti et al., 2006). For example, if a solution were to contain two 
fluorophores, one with a lifetime of 10ns, and another with a lifetime of 500ns, we would be able 
to observe the presence of both based on the profile of the solution’s intensity decay curve. We 
would observe a sharp peak and decline from the 10ns fluorophore, and a very broad extended 
slope due to the 500ns fluorophore. Such curves can be seen in the experimental data presented 
in this thesis. As a result, we can conclude there are at least two fluorophores present in the 
samples tested.  
 For this thesis, all TCSPC data was tail-fitted using a software to acquire the slopes and 
subsequent lifetimes. Tail-fitting sets the bounds for the curve after the instrument response 
function (IRF) for an instrument setup. The IRF appears at the beginning of data collection and is 
a result of the discrepancy between the rate of laser pulsing and the ability for the detector to 
collect data within a certain time range. As a result, the fluorescence intensity decay data 
collected from TCSPC can be convoluted by the IRF (Ma, Mincu, Lesage, Gallant, & McIntosh, 




Specifically for our setup, the IRF is unable to be determined due to the nature of our optical 
train, such that a dichroic mirror is used to reflect the laser onto the sample. This mirror then 
allows fluorescence with a longer wavelength to pass through and reflect onto the detector. IRFs 
are determined by measuring laser scattering, thus the existence of the dichroic mirror hinders 
the ability to measure an IRF. Tail-fitting avoids the region of the curve where the IRF resides, 
such that we can confidently fit the remainder of the curve without possible convolution. The 
tail-fitting method is also widely accepted as it still provides relatively accurate fits to TCSPC 
decay curves (Gao & Li, 2018; Walther, Papke, Sinn, Michel, & Kinkhabwala, 2011). 
2.6.2 Photophysics of Plant Compounds 
 While some of the photophysics of plant compounds were already discussed in Section 
2.4.1, emphasis on methods for determine lifetime values for intensity decays will be provided 
herein. Since there are multiple fluorescent compounds in planta, it is possible that there are 
multiple intensity decays. However, given the short lifetimes of the decays, and the limited 
resolution of some FLIM and TCSPC setups, it can be difficult to resolve multiple decays from a 
single curve if the excited state lifetimes of the different contributing chromophores are similar 
(Lakowicz, 2006). An example of a typical decay curve is presented in Figure 17. Two separate 
values are shown and match literature values for lifetimes being below 10 ns. For the purposes of 
this thesis, all plant intensity decays were fit in the following manner: we aimed to fit with a 
minimal number of exponentials while also maintaining a goodness of fit. When fitting solely 
plant curves, it is possible to fit biexponentially. However, when another component is present 




biexponentially. Thus, it is critical to know the components of the samples to fit the data based 
on not only their appearance, but also their context in the experiments conducted. 
 
Figure 17: Typical Plant Intensity Decay Curve with lifetime of 6.1ns (black) and 4.9ns 
(white) 
Figure reproduced with permission from Elsevier, BBA-Bioenergetics (pg 122-123) 
2.6.3 Photophysics of Streptomycin 
 Considering the application this thesis proposes for tracking antibiotics in planta, a 
review of the photophysical properties of streptomycin will be provided. Streptomycin absorbs 
light around the 200 nm range (Mitic, Sunaric, & Tosic, 2006). It does not have any direct 
fluorescent properties, and no chromophore exists in the structure of streptomycin sulfate 
(Emrani et al., 2016). As such, generally streptomycin’s fluorescent lifetime measurements are 
unable to be acquired. However, this is not to say streptomycin does not influence other 
fluorescent compounds. One study analyzed the effects of various streptomycin sulfate 
concentrations on the lifetime measurements of bovine serum albumin. It was found that 
increasing concentrations of streptomycin sulfate led to slightly longer lifetimes (from 5.57 ns to 




2009). It should be noted that since there are little to no desirable photophysical properties 
present in streptomycin sulfate, there is a need to combine it with another molecule with more 
desirable properties for fluorescence-based tracking.  
2.6.4 Photophysics of Ruthenium Bipyridine Complexes 
 Ruthenium bipyridine complexes have been widely used in biomedical and imaging 
applications due to their desirable photophysical properties. Generally, organic fluorophores are 
utilized for these types of applications since they are readily available and have been used as 
standards in the field of fluorescence imaging (Haustein & Schwille, 2007). However, due to 
their short lifetimes and photobleaching, they are limited in certain applications. As such, 
transition metal complexes that utilize metal-to-ligand charge transfer (MLCT) mechanisms in 
their fluorescence have been proposed and used for fluorescence microscopy due to their 
stability, lifetime, and dependence on environmental conditions (Hartmann, Leiner, & Lippitsch, 
1994; Keeler, 2014; Lakowicz, 2006).  
 
Figure 18: Diagram showing MLCT in Ruthenium tris Bipyridine (left) and Jablonski 
Diagram (right) of absorption and emission process underlying MLCT 
Figure reproduced with permission from Springer Nature (pg 117-118) 
Metal-to-ligand charge transfers occur in the following fashion and can be visualized in 




orbital. The conditions for such a system to exist are dependent on the ligand orbitals, as well as 
the metal’s oxidation number. Appropriate ligands generally have low lying pi (π) orbitals such 
as those found in aromatic systems (such as bipyridine), while metals generally have a low 
oxidation number (such as ruthenium) and as a result a redox reaction occurs (Shriver & Atkins, 
1999). MLCT is responsible for the associated long lifetime of ruthenium bipyridine complexes 
as the excited state lies in a triplet state, while the ground state is in a singlet state (Figure 18). 
This discrepancy causes the transition from triplet to singlet to be a slow process, as the 
mechanism is a forbidden energy state transition (Lakowicz, 2006; Nakamaru, 1982). This is 
known as intersystem crossing and is based on the spin state of each electronic level. The singlet 
and triplet spin states “spin” in the same direction and are no longer paired (paired electrons spin 
in opposite directions). Metal centers that favor this process (such as ruthenium) have the 
mechanism denoted as spin-orbit coupling (Shriver & Atkins, 1999). Those familiar with 
photophysics may be curious as to why this process is denoted as fluorescence instead of 
phosphorescence (triplet to singlet emission). While the process is formally phosphorescence, the 
mechanism occurring causes lifetime to decrease to that less than traditional phosphorescent 
materials (>1µs) (Kalyanasundaram, 1982; Nakamaru, 1982). This mechanism of spin-orbit 
coupling, whereby the heavy ruthenium atom creates an electric field that pulls excited state 
electrons down to the ground state, essentially increases the “allowedness” of a triplet to singlet 
transition. Thus while formally phosphorescent, the emission mechanism can be denoted as 
fluorescence since its lifetime does not meet traditional criteria (Lakowicz, 2006). For the 
purpose of this thesis, the emission mechanism for any ruthenium bipyridine containing 





Figure 19: Absorption and emission spectrum for Ruthenium tris(2,2’-bipyridine) 
Figure reproduced with permission from Elsevier, Coordination Chemistry Reviews (pg124-125) 
There are multiple components in the ruthenium bipyridine complex that have optical 
activity. Figure 19 shows the absorption and emission spectra of ruthenium tris(2,2’-bipyridine). 
The MLCT absorbs around 450 nm, while the bipyridine (LC) absorbs around 200nm and 285 
nm. Lastly the ruthenium center (MC) absorbs around 350 nm (Kalyanasundaram, 1982). The 
metal-to-ligand charge transfer emits around 620 nm, with an average lifetime in water of 650 
ns, though the lifetime can range from 350 up to this value depending on the crystal structure 
(Montalti et al., 2006). This long lifetime is able to be utilized in fluorescence lifetime imaging, 
as the lifetime of ruthenium bipyridine complexes will be quite distinct from the lifetimes of any 
other molecules in a biological sample (Haustein & Schwille, 2007). The capability has 
influenced the conjugation of molecules of interest to ruthenium bipyridine complexes. One such 
example conducted in 2017 tracked the uptake of a photodynamic chemotherapeutic drug in 




complex to a radical oxygen producing compound. Due to their environmental sensitivity, 
ruthenium complexes have also been developed as oxygen sensors for in vivo applications. One 
study utilized a ruthenium complex to determine intracellular oxygen concentration through 
lifetime measurements (Sud, Zhong, Mycek, & Cubeddu, 2005). 
 
Figure 20: Example of a conjugated ruthenium bipyridyl complex for photodynamic 
therapy  
Figure reproduced with permission from Royal Society of Chemistry, Journal of Materials 
Chemistry (pg 126-127) 
 
Figure 21: Intensity decay of Ruthenium tris Bipyridine excited at 440nm laser diode with a 
repetition rate of 200 kHz; the fitted lifetime is 373ns 




 As aforementioned, ruthenium bipyridine complexes have a variety of desirable traits that 
allow them to be utilized in FLIM applications. This thesis will focus on the utilization of 
ruthenium bipyridine complexes to track agrochemicals by utilizing FLIM. To further understand 
the processing of TCSPC data, we must look at how the data acquired is fit. Figure 21 shows a 
typical fit of an intensity decay curve for ruthenium tris bipyridine. This is fitted as a single 
exponential as it is clear there is only a single slope present in the data. In some functionalized 
ruthenium complexes, lower MLCT levels can be visualized in TCSPC data such that the curves 
appear multiexponential with more than one slope present per curve (Lakowicz, 2006; Lumpkin, 
Kober, Worl, Murtaza, & Meyer, 1990). Figure 18 contains a typical Jablonski diagram for 
ruthenium bipyridyl complexes. The lower MLCT would be visualized as an alternative pathway 
for radiative emission and is traditional observed in functionalized and conjugated complexes. 
This results in an extra component present in TCSPC data such that a good fit can only be 
acquired with a biexponential fit. Given this, if we were to apply a functionalized ruthenium 
complex to plant tissue, our data could have excited state decay curves with contributions from 
plant, the lower MLCT level of the ruthenium complex, and the higher MLCT level of the 
ruthenium complex. We can then interpret fitted curves in the following manner: we can 
determine how they were processed, as well as denote the components present in each. 
Subsequent data presented in this thesis will be processed based on the appearance of the fit, as 
well as minimizing the number of exponentials used to fit. Thus curves were either fit 
biexponentially to illustrate the short lifetime of plant autofluorescence and the long fluorescence 
of the conjugated ruthenium dye, or triexponentially to show the short autofluorescence of plant, 




2.6.5 Factors Impacting Excited State Lifetime in Ruthenium Bipyridine Complexes 
 It is critical when discussing lifetime to incorporate the influence of environment on the 
excited state. Several studies regarding ruthenium dyes in various environments have been 
conducted. For example, one study found that the lifetime of ruthenium tris(2,2’-bypyridine) was 
dependent on temperature, with lifetime decreasing with increasing temperature (Van Houten & 
Watts, 1976). Figure 22 illustrates this dependence by showing various excited state decay 
lifetimes as a function of temperature. A subsequent study found that pH also influenced the 
MLCT of ruthenium bipyridyl-phosphonic acid complexes where pH directly influenced the 
center from which photons were emitted (Montalti, Wadhwa, Kim, Kipp, & Schmehl, 2000). 
Further investigations into pH effects have been conducted with ligands specifically designed to 
indicate change in pH in biological systems (San Tan, Yanagisawa, Inagaki, Morikawa, & 
Kassim, 2017). Data from this study can be observed in Figure 23, whereby a decrease in pH 
leads to an increase in the observed excited state lifetime of the ruthenium bipyridyl complex, 
Ru(ii)(bpy)2(phen-nBT). This is shown not only by the decay curves on the right of the figure, 
but also by the table presented to the right. This observation becomes important to contextualized 
observed lifetimes when placing ruthenium compounds in different environmental conditions 
with varying pH. 
 It should also be noted that ion concentration can influence the excited state of ruthenium 
dyes. A study published in 2013 found that while in solution only, increased ion concentrations 
(specifically using 1-ethyl-3-methylimidazolium derivatives) can reduce lifetime of ruthenium 
tris bipyridine. However, in a matrix, increasing concentrations had the opposite effect, with 




from this study. The various cocktails utilized differing ions as well as various matrices, with EC 
being a porous matrix and PMMA being a fibrous matrix. The decrease in lifetime as a result of 
increased ion concentration (C7-C10) is attributed to intermolecular energy transfer. This 
transfer occurs between the ruthenium and the imidazolium portion of the ion. In short, the 
emission band of the ruthenium dye overlaps with the absorption band of the ionic liquid. It was 
also found that the highly porous matrices and fibrous matrices had shorter lifetimes than that of 
the less porous matrices. The authors attribute this to an increase in the excited ruthenium 
complex’s rotational movement, as well as the following relaxation of the excited state. This 
results in a lifetime that is decreased. In the context of plant studies, the native environment is 
rich in ions as well as restricted to a cellular matrix. Such conditions would give cause to 
speculate extended excited state lifetimes for ruthenium tris bipyridine and its functionalized 
counterparts. A similar study found that ruthenium dyes can have longer lifetimes in a solid 
cellulose acetate matrix than in an aqueous environment (Lumpkin et al., 1990). We speculate 
that this environment could contribute to the extended lifetime of the complex as well. 
 
Figure 22: Lifetime and Quantum Yield of Ruthenium tris Bipyridine showing temperature 
dependent excited state lifetime 





Figure 23: The Photophysical Characteristics of [Ru(ii)(bpy)2(phen-nBT)](PF6)2 as a 
Function of pH 
Figure reproduced in accordance with Creative Commons 3.0 License (pg 128) 
 
Figure 24: Literature data illustrating the dependence of Ruthenium tris Bipyridine excited 
state lifetime on ionic concentration as well as polymeric matrix 




 Given the existing literature on ruthenium bipyridyl complexes, we can extrapolate the 
plausibility of other mechanisms influencing lifetime that have yet to be investigated. Figure 25 
illustrates the possible environmental factors that are known to influence excited state 
mechanisms in other fluorophores (Lakowicz, 2006). Hydrogen bonding between the complex 
and molecules in the environment, charge shifts, solvent polarity, and conformational changes of 
the molecule can all impact the energy of the excited state. As such, it is probable that the excited 
state lifetime observed in planta could differ greatly from that observed in solution. Therefore, it 
is critical to evaluate a probe prior to utilization in a study. These evaluations were conducted in 
this thesis for determination of the fluorescence lifetime of ruthenium bipyridine compounds in 
plants. The extended lifetime observed after conjugation to our cargo of interest (streptomycin) 
was then used as justification for use in FLIM and TCSPC spectroscopy aided tracking. 
 
Figure 25: Effects of environment on the energy of the excited state 





CHAPTER THREE: METHODOLOGY 
3.1 Synthesis of Ruthenium-Streptomycin Conjugate 
 The synthesis of ruthenium bipyridine complexes is described in detail in the work of 
Khimich (Khimich, Zdravkov, & Aleksashkina, 2004). Their protocol utilized cis-
Dichlorobis(2,2′-bipyridine)ruthenium(II) under reflux in a 2:1 water to methanol solution. 
Subsequently they were able to add an additional functionalized bipyridine ligand to the 
ruthenium complex in the reflux flask. Their study focused on the variety of functionalized 
ligands they were able to attach to the metal center. The solution conditions were polar with a 
mixture of methanol and water (1:2) to solubilize bipyridine. We followed this protocol with a 
dicarboxylic functionalized bipyridine (2,2'-Bipyridine-4,4'-dicarboxylic acid). This modified 
ruthenium bipyridine complex was then conjugated to streptomycin sulfate in aqueous solution 
following an EDC:NHS coupling protocol (Jasim & Gesquiere, 2019). This coupling utilized the 
carboxylic acid of the functionalized bipyridine, and the amine groups of the streptomycin 
sulfate to form an amide connection between the two molecules. The subsequent conjugate 
solution was then further evaluated for presence of conjugation and applied to plant trials. 
3.1.1 Materials 
 cis-Dichlorobis(2,2′-bipyridine)ruthenium(II) and Streptomycin Sulfate were purchased 
from Fisher Scientific. 2,2'-Bipyridine-4,4'-dicarboxylic acid was purchased from TCI America. 
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-Hydroxysuccinimide (NHS) 
were purchased from ThermoFisher Scientific. Methanol was purchased from Sigma Aldrich. 




purchased materials used were not purified further. All solvents used were reagent grade unless 
otherwise specified. 
3.1.2 Synthesis & Preparation of Conjugate Solution 
 The ruthenium bipyridine complex was synthesized using a previously reported reflux 
technique (Khimich et al., 2004). The synthetic pathway can be seen in Figure 26. First, 85.0 mg 
of cis-Dichlorobis(2,2′-bipyridine)ruthenium(II) was dissolved in 20 mL of nanopure water and 
10 mL of synthetic grade methanol. This solution was refluxed in a round-bottom flask for two 
hours to activate the complex. Subsequently, 33.9 mg (1.05 eq) of 2,2'-Bipyridine-4,4'-
dicarboxylic acid was then added to this solution and refluxed for one hour. The solution was 
allowed to cool to room temperature and an EDC:NHS coupling protocol was followed with 
EDC and NHS being added in a 1:1 ratio (Jasim & Gesquiere, 2019). 23.4 mg EDC was added to 
activate the carboxylic groups of the modified bipyridine. This solution was stirred for five 
minutes in the dark. 26.2 mg of NHS was then added and stirred for thirty minutes in the dark. 
Lastly, 96.7 mg (1.0 eq) of streptomycin sulfate was added in the dark and stirred for twelve 
hours. The resulting reaction mixture appeared as a dark red solution and was fluorescent when 
exposed to a UV lamp (365 nm). The final ruthenium metal content of the solution was 
approximately 500 ppm. Several batches were synthesized with identical characteristics.  
 It should be noted that the synthetic conditions present in our reaction were not targeted 
toward either of the carboxylic acid groups of the ruthenium bipyridine, nor the amines of 
streptomycin. As a result, the final reaction solution could contain multiple conjugated products 
shown in Figure 26 (bottom). It is possible that multiple streptomycin molecules attached to a 




conjugate of the complex. This essentially ensure that most, if not all, of the ruthenium 
bipyridine complex with activated carboxylic groups reacts with streptomycin. We speculate that 
a double conjugation of two streptomycin molecules to a single ruthenium complex is unlikely 
due to the molar ratios we used in the reaction, as well as due to possible steric hindrance of a 
single conjugate bond preventing the conjugation of a second. For example, in the third step 
(third arrow) of the synthesis in Figure 26, an excess of streptomycin was used to ensure total 
conjugation of the fluorescent dye. The reason for this is that any excess unconjugated 
streptomycin would not interfere with FLIM and TCSPC analysis, as it is not tagged and would 
not appear fluorescent, while the unconjugated ruthenium dye would. For the purposes of this 
thesis, a final solution with mixed conjugate products is acceptable. Through characterization we 
can determine the relative ratios of our final solution products, such that we may ascertain the 
overall amount of conjugate in relation to other materials in the solution. Provided our mixture is 
mostly conjugate, we can proceed with plant experiments confident that the signals we acquire 












3.2 Solution Characterization Methods 
 The ruthenium bipyridine-streptomycin conjugate was characterized utilizing the 
following methods. Fourier-transform infrared spectroscopy (FTIR) was utilized to determine the 
unique bond characteristics and functional groups present in the reaction mixture. High pressure 
liquid chromatography (HPLC) was utilized to separate and further characterize the components 
of the mixture to determine the percentage of each component present in the solution. Lastly, 
optical characterization via UV-vis and fluorimetry was performed to evaluate the absorption and 
emission spectra of the solution.  
3.2.1 High-Pressure Liquid Chromatography (HPLC) 
 Since the reaction mixture was synthesized using synthesis-grade methanol and not 
HPLC-grade methanol, the solution was rotavapped for one hour using a Buchi Rotavapor R-200 
with a Buchi Heating Bath B-490 set at 45ºC. A Welch Model 2025 Dry Vacuum System was 
also used with pressure measuring 580 mm Hg. Once the synthetic-grade methanol was 
evaporated, HPLC-grade was added to replace the lost volume and maintain the same 
concentration.  
 The solution was then run on a Perkin Elmer Series 200 HPLC using a mobile phase of 
2:1 water to methanol as an isocratic gradient. The flow rate utilized was 1.0 mL/min on a 4.6 x 
150 mm rapid resolution Agilent Zorbax SB-C18 column (particle size 3.0 micron). Injection 
volume was 10 µL of solution matched to synthesis concentrations. Column temperature was 





3.2.2 Fourier-Transform Infrared Spectroscopy (FTIR) 
 All reagents utilized in the synthetic protocol were analyzed using a Shimadzu IRSpirit 
FTIR spectrometer with QATR-S AT. These reagents were in solid form and thus were analyzed 
in this manner. Two synthetic products were also analyzed: just the ruthenium complexed to the 
modified bipyridine, and the final conjugate. Since these were in aqueous solution, and the FTIR 
in question gave negative solvent effects, approximately 5 mL of the solutions were dried under 
low heat (45ºC). The subsequent solid was then used for analysis. The wavenumber range 
utilized was 600 – 4000 cm-1 with a total of twenty scans being averaged for each FTIR spectra 
taken. 
3.2.3 Photophysical Setup 
 Reagents and synthesized materials were characterized using an Agilent 8453 UV-visible 
Spectroscopy System (scan range 200nm - 700 nm) to evaluate their absorption spectra. 
Reagents were diluted in water and methanol (2:1) to approximately 1 mM concentration. The 
synthetic concentration of the modified ruthenium bipyridine complex and the conjugate solution 
were also diluted 1:54 from their synthetic concentration to obtain an optimal absorption 
spectrum. Five spectra were taken of each sample and averaged to produce a single spectrum. 
Subsequently, these diluted samples were also used for fluorescence emission characterization on 
a Horiba NanoLog FL3-11 Fluorimeter. The excitation wavelength was set at 466 nm to match 
that of our laser setup. The emission range was set from 481 nm to 800 nm with increments set a 
1 nm. The entrance and exit slits were set at 2 nm. Again, five spectra were taken of each sample 
and used to produce an average emission spectrum.  
 Fluorescence Lifetime images and Time-Correlated Single Photon Counting (TCSPC) 




cover slip. Both aqueous and dried lifetime measurements were acquired. Measurements were 
taken using a custom-built inverted confocal microscope described previously (Tenery, Worden, 
Hu, & Gesquiere, 2009). In summation, a 466 nm pulsed diode laser (PicoQuant LDH-P-C-470) 
with a repetition rate of 500 kHz was used in conjunction with a custom fluorescence microscope 
(Zeiss Axiovert 200). FLIM images were then recorded with 512 ps bin resolution and 5 ms 
dwell times on each pixel. Each imaged area was 100 µm2 and composed of 10,000 pixels. A 
single photon avalanche diode detector (Picoquant, Micro Photon Devices, PDM series) was 
used along with a pulsed laser driver (PDL 800-D) that transmits the timing signal to a PicoHarp 
300 TCSPC module and detector router (PHR 800). All of these were products purchased from 
Picoquant. The TCSPC curves taken were recorded with PicoHarp software and fit with FluoFit 
software (FluoFit Pro 2009, 4.4.0.1, PicoQuant) with a 512 ps bin resolution and an integration 
time of 90 seconds. Once acquired, the curves were tail fitted to determine the sample’s lifetime. 
Solution TCSPC decay curves were fit with a bi-exponential function that yielded τ1 and τ2 
values. It should be noted that the laser power in all TCSPC point measurements was altered to 
keep photon counts per second under 6000 counts/second. This follows a standard whereby 
count rate is less than 5% of the laser repetition rate. By following this standard, photon pile-up 
during data acquisition can be avoided, allowing more accurate curves to be collected.  
3.3 Microneedle & Plant Setup 
 Cleopatra Mandarin seedlings (Citrus reshni) (approximately 7-8 months old with stem 
diameters ranging from 3-4 mm) were acquired from the University of Florida-Citrus Research 




and height, with priority given to plants with 3-4 mm diameters, green woodless stems, and a 
measuring height of around 9-12 cm from soil.  
 A Tristar One Derma Microneedle Roller with 1.0 mm long needles was utilized to 
puncture the lower circumference of each plants’ stem from the soil to 3 cm in height (Figure 
27). The punctured section was then wrapped in a cotton pad; whereby, pads were cut, wrapped, 
and ziptied to the section. These pads were used to allow slower absorption of solution into the 
microneedle punctures. 3 mL of ruthenium bipyridine-streptomycin conjugate solution was 
added to each experimental plant. Two microneedle water controls were wrapped, and 3 mL of 
water applied to their pads.  
 
Figure 27: Picture of Microneedle and puncture sites found in the treated section post 
solution application 




 After the ruthenium bipyridine-streptomycin solution application, plants were 
subsequently placed in a Panasonic MLR-352 growth chamber with a Simulated Summer 
Condition of 31°C and 80% Relative Humidity. The microneedle rolled plants were then left to 
sit for 3 hour, 6 hour, 24 hour, 48 hour, 96 hour, and 168 hour time points and were removed 
promptly after the allotted time. The other control treatments and direct applications were only 
left for 24 hour and 168 time points. Once these time points were reached, they were also 
promptly removed.  
 
Figure 28: Picture illustrating how cross sections were taken based on their distance from 




3.4 Sample Preparation 
 After plants were removed from the growth chamber, the stems and roots were promptly 
washed with approximately 3 mL of DI water to ensure no cross contamination occurred as dye 
on the outside of the stem could contaminate the section (false-positive) upon sectioning with 
razor blade. Cross-sectioning occurred by hand using razor blades at various plant heights 
describe in Figure 28. Razor blades were used once for a single cross-section and then properly 
disposed of to ensure cross-contamination did not occur from section to section. The microneedle 
punctured section was divided into a bottom, middle, and top section, and sections above that 
were cut every 3 cm. Sections below the punctured section were cut every 5 cm. Sections were 
placed onto a cleaned cover slip and sealed onto a glass microscope slide with scotch tape for 
subsequent imaging.  
3.5 FLIM Imaging & TCSPC 
 FLIM images and TCSPC curves were taken as described in Section 3.3.3 except the 
repetition rate was 125 kHz with a 20 ms dwell time on each pixel. From each FLIM image, 
three TCSPC decay curves were recorded with a 512 ps bin resolution and an integration time of 
90 seconds. As previously mentioned, point measurement counts were kept below 6000 
counts/second to prevent photon pile-up. The collected treated-plant TCSPC curves were tail-
fitted to determine the sample’s lifetime and fit with a bi- or tri-exponential function that yielded 
τ1, τ2, and τ3 values. It should be noted that the solution lifetimes described previously were fit 
bi-exponentially. This discrepancy is to accommodate for the addition of plant autofluorescence 
present in every sample. Four images were recorded per cross section: two in phloem tissues and 




cellular morphology as well as macroscopic location (as in proximity to the pith). Figure 29 
shows a bright field microscopy image of a typical cross section taken using an Olympus IX71 
with an Olympus TH4-100 lamp. The camera utilized was an Andor Zyla sCMOS processed via 
Andor Solis software. Cell morphology was annotated with the aid of several references (Evert 
& Eichhorn, 2012; Mauseth, 2012). 
 




3.6 Data Analysis Methods 
 As previously mentioned, absorption and emission spectra were averaged out of 5 
spectra. There were also no additional restrictions, intensity thresholds, or region of interest 
(ROI) selections when collecting FLIM data. TCSPC data collection also did not include and 
intensity threshold parameters set in the software. Data was further processed for analysis of 
trends over time by utilizing a representative curve for all curves taken for each region in each 
cross-section i.e. 6 curves from 2 phloem images from 1 cross section. Average lifetimes were 











CHAPTER FOUR: CHARACTERIZATION OF CONJUGATE 
4.1 Introduction 
 In this section, we will discuss the characterization of the synthesized ruthenium-
streptomycin conjugate. We first conducted high pressure liquid chromatography (HPLC) to 
investigate the purity of the synthetic mixture. We subsequently analyzed the conjugate via FTIR 
to determine its functional groups to use as evidence of the creation of an amide linkage. The 
optical properties, including absorption spectra, emission spectra, and excited state lifetime, were 
determined to ensure that the conjugate could be utilized for plant studies, as well as was 
compatible with our available laser wavelengths and microscope setup.  
4.2 High-Pressure Liquid Chromatography (HPLC) 
 Reverse Phase High-Pressure Liquid Chromatography (RP-HPLC) was conducted on all 
synthetic components to gain a better understanding of the final reaction mixture’s contents. 
Figure 30 illustrates all the components stacked to show the contents of the reaction mixture. 
Streptomycin, cis-Dichlorobis(2,2′-bipyridine)ruthenium(II), the synthesized ruthenium 
complex, and the final ruthenium-streptomycin conjugate can be seen in the conjugate reaction 
mixture. From these results we can observe streptomycin eluting at 1.22 min, along with cis-
Dichlorobis(2,2′-bipyridine)ruthenium(II) immediately after at 1.24 min. These elution times are 
expected as the molecules are more polar, and thus will not be retained as long on the C18 
column. Subsequently, the synthesized ruthenium complex elutes at 1.52 min with a slight 
shoulder following the peak. The complex is slightly more nonpolar due to the relative symmetry 
of the molecule, as well as the presence of nonpolar ligands covalently attached to the ruthenium 




excess 2,2'-Bipyridine-4,4'-dicarboxylic acid. Finally, the conjugate elutes between the 
previously mentioned times with peaks at 1.46 min and 1.48 min. This coincides with our 
expectation that the conjugate would elute between the streptomycin peak and unconjugated 
complex peak, as it is essentially a combination of the two; whereby the conflicting polarities of 
the streptomycin and ruthenium complex elute in between their individual peaks. It should be 
noted that the conjugate’s peak intensity is very similar to that of streptomycin’s peak intensity. 
This identifier, as well as the overlap between the complex and conjugate, allow us to conclude 
that the peak at 1.46 min and 1.48 min is that of the conjugate. 
Peak intensity is generally associated with the instantaneous concentration of each 
component as it passes the detector. Thus if two peaks are roughly the same intensity, then there 
is roughly the same concentration of each component. Based on the peak intensities in Figure 30, 
it is difficult to ascertain the yield as the complex and conjugate peaks overlap. However, based 
on the contrast in the unconjugated complex control and the conjugate intensities alone, there is a 
definite increase in intensity. Based on rough peak intensity measurements, there is 
approximately twice the instantaneous concentration than in the unconjugated complex control. 
Considering these factors, as well as accounting for excess streptomycin and cis-
Dichlorobis(2,2′-bipyridine)ruthenium(II), we speculate that there is a majority of conjugate in 
the synthetic reaction mixture. Due to the shape of the peaks (non-Gaussian), as well as due to 






Figure 30: RP-HPLC Chromatogram of Reagents and Synthesized Materials detected by 
UV-vis 
4.6 x 150 mm rapid resolution Agilent Zorbax SB-C18 column (particle size 3.0 micron); 
temperature: 15ºC; mobile phase: 2:1 Nanopure Water to HPLC grade methanol; flow rate: 1.0 
mL/min; injection volume: 10 µL 
  
4.3 Fourier-Transform Infrared Spectroscopy (FTIR) 
Reagents and synthetic components were analyzed with Fourier-Transform Infrared 




peaks. Note that the synthesized conjugate has overlapping peaks of the other materials 
(synthesized bipyridine complex and streptomycin seen in Figure 31A and 31B, respectively). 
Bands of interest in streptomycin from 1700 cm-1 to 1600 cm-1 and 1150 cm-1 to 1000 cm-1, and 
in the ruthenium bipyridine components from 1500 cm-1 to 1250 cm-1. Data within the range of 
2000 cm-1 and 600 cm-1 is shown for emphasis of a new peak at 1705 cm-1. This peak is 
indicative of a bond not seen in any of the other materials tested. It should be noted that this peak 
can be assoicated with amides, which indicates our EDC:NHS coupling was successful.  
 
Figure 31: FTIR of associated synthetic reagents and components 
A. Overlap of bands occurring between the conjugate and ruthenium compounds. B. Overlap of 
bands occurring between the conjugate and streptomycin compounds. C. All compounds 




4.4 Optical Characterization 
4.4.1 Absorption & Emission Spectra 
 Absorption and emission spectra of the synthesized conjugate and starting materials are 
shown in Figure 32. All of the bipyridine containing compounds (starting dye, synthesized 
complex, and synthesized conjugate) absorb at 243 nm, 291 nm, and 340 nm matching literature 
values for bipyridine, as does the absorption peak at 485 nm for the ruthenium MLCT center 
(Kalyanasundaram, 1982). The emission spectra were obtained by utilizing an excitation 
wavelength of 466 nm (to match our laser setup) as this excitation wavelength lies within the 
absorption band of the ruthenium center. The peak of the emission band of the ruthenium MLCT 
center is located at 650 nm. The only compounds that emit from this excitation wavelength are 
the synthesized complex and conjugate. These emissions were similar to 
tris(bipyridine)ruthenium (II) chloride hexahydrate (Kalyanasundaram, 1982), which was used in 





Figure 32: Absorption (solid) and Emission (dotted) Spectra of relevant synthetic reagents 
and synthesized components 
The Ru-Strep Conjugate absorbs at 485 nm and emits at 650 nm. This profile is associated with 
the ruthenium metal center. Only the Unconjugated Ruthenium Complex exhibits these 
characteristics. 
 
4.4.2 Excited State Lifetime Measurements 
Fluorescence decay curves of dried unconjugated ruthenium bipyridine complex and the 
streptomycin conjugated ruthenium bipyridine complex are shown in Figure 33. Repetition rate 
of the 466nm pulsed-laser diode was set at 500 kHz for this experiment. Repetition rate is 
essentially the time between laser pulses; thus, it is modified to allow the decay to complete 
before the next laser pulse. The curves were fit with a biexponential decay, with lifetime 




bipyridine complex. This matches literature values showing an excited state lifetime of up to 336 
ns, and aligns with reports of a multi-exponential decay for ruthenium with functionalized 
bipyridine ligands (Lakowicz, 2006). It has been shown that anisotropic ruthenium complexes 
such as ours have a favored metal-ligand charge transfer (MLCT) pathway to the functionalized 
ligand (Lakowicz, 2006). Other studies have also shown that lower lying MLCT states can be 
identified when determining excited state decay rates (Lumpkin et al., 1990). As such, we 
speculate that the 103 ns component is a result of the functionalized bipyridine ligand. The 
lifetimes of the dried conjugate are very similar to the lifetimes of the unconjugated complex, 
except the lifetime components are slightly shorter (301 ns and 85 ns; 𝜏𝑎𝑣𝑔= 98.25 ns). This is 
consistent with literature showing that conjugation of MLCT complexes can influence the length 
of their excited state lifetimes (Lakowicz, 2006). 
Figure 33 also exemplifies that the slopes of both the unconjugated complex and 
conjugate are roughly equal at the end of the curve. This indicates that they both have very 
similar lifetime components which is verified by the similar fits shown. Thus, the metal to ligand 
charge transfer present in the ruthenium metal center is unchanged before and after conjugation. 
These lifetime measurements were utilized to exemplify that a three-ligand ruthenium complex 





Figure 33: TCSPC Decay Curves of Synthesized Components 
Curves are almost parallel, indicating similar excited state lifetimes with a difference between 





CHAPTER FIVE: TRANSLOCATION OF CONJUGATE 
5.1 Introduction 
 In this section, we will discuss the localization and translocation kinetics of the 
ruthenium-streptomycin conjugate. Attention will be paid to the characteristics the conjugate 
shows in planta, followed by an investigation into the movement of the conjugate over time. 
5.2 Conjugate Characteristics in planta 
To exemplify the difference between the excited state lifetime of plant autofluorescence 
and the excited state lifetime of the conjugate, TCSPC decay curves of the conjugate solution 
and native plant fluorescence were taken. Excitation occurred at 466nm with a 125 kHz 
repetition rate. This repetition rate was decreased from prior experiments to accommodate for the 
extended length of the excited state lifetime of the conjugate in planta. After fitting the curves 
using Fluofit, the stark contrast between length of lifetime can be visualized in Figure 34A. Plant 
excited state lifetimes were between 1 and 10 ns as seen in Figure 34B, which matches previous 
literature (Wan & Su, 2018). In Figure 34A the lifetime of the conjugate solution was an order of 
magnitude higher with a 𝜏𝑎𝑣𝑔 of 345 ns. Note that the 𝜏𝑎𝑣𝑔 of solution lifetime is much higher 
than that of the solid lifetimes in Figure 8. In the dried, solid state, the conjugate’s lifetime is 
decreased due to the presence of the lower lying MLCT state (Lakowicz, 2006), while in solution 
this lower lying state is not seen. The contrast between plant excited state lifetime and conjugate 
excited state lifetime was used as justification for utilizing the conjugate for FLIM. Because the 
excited state lifetime of the conjugate is at least an order of magnitude higher than the plant’s, 
FLIM can differentiate between the plant and conjugate. Since we can simultaneously image 




Upon application, the excited state lifetime of the conjugate in planta was found to range 
between 300 ns to just over 1000 ns. An explanation of this variance is located in the subsequent 




Figure 34: TCSPC Curves of Conjugate Solution (10ppm & in planta) and Plant Autofluorescence 
A. Curve profiles differ in their return to baseline, with a longer return to baseline indicative of a longer excited state lifetime. 
Both solution (single exponential fit) and in planta (triple exponential fit) lifetimes are longer than native fluorescence of plant 









Figure 35: FLIM Images (left) and TCSPC Decay Curves (right) of every cross section in 
an untreated 24 hour water control 
FLIM Images show no extended excited state lifetimes. TCSPC Decay Curves also exemplify 




FLIM images and TCSPC curves of an untreated 24 hour water control are shown in 
Figure 35. The rainbow gradient correlates with length of lifetime, thus as shown in Figure 29, 
control plant tissue has a very short excited state lifetime. All associated lifetimes are due to this 
plant autofluorescence and match literature values putting autofluorescent lifetimes below 10 ns 
(Wan & Su, 2018). This figure is an important reference for both experimental FLIM images and 
experimental TCSPC curves, as it exemplifies control conditions. It is also important in 
exemplifying the robustness of our instruments in measuring excited state lifetimes, as our data 
matches those found in previous literature, such that we can be confident that the experimental 
data is not skewed in any manner.  
Verification of conjugate delivery was determined by imaging treated sections after 3 
hours. Figure 36 shows the principle of overlaying FLIM heatmaps over fluorescence intensity 
images to acquire a final FLIM image, and the final FLIM data from this can be seen in Figure 
37. It should be noted that very little to no conjugate was detected in the xylem in the middle and 
top sections after 3 hours. This may be caused for various reasons. First, the punctures made by 
microneedles may only have delivered to the phloem (as phloem is located more externally than 
xylem). Given the diameter of most of the stems was approximately 4 mm, and the microneedles 
were 1 mm in length, this is plausible. As a result of phloem-restricted delivery, the conjugate 
needed to move from phloem to xylem via plasmodesmata, and 3 hours was not enough time for 
this to occur. Alternatively, if punctures were deep enough to reach the xylem, there is a chance 
that the application of solution pooled at the bottom portion of the treated section due to gravity. 
As a result, there is little conjugate seen in these sections as it would need to translocate upwards 




is a possibility that the sections imaged happened to be ones where no conjugate was present. It 
should be noted that TCSPC curves of these sections were taken, and some minimal conjugate 
was detected, but the images do not reflect this.  
Also of note in Figure 37 is the presence of extremely long lifetimes in the 3 hour top 
section of the phloem. We speculate that conjugate excited state lifetimes are influenced by the 
pH, matrix, and viscosity of their environment. Additional information can be found in the 
Section 2 regarding pH influences on ruthenium bipyridine complex lifetimes (San Tan et al., 
2017). In short, lower pH leads to longer associated excited state lifetimes. This supports our 
observation that the conjugate had longer lifetimes in planta than in solution, as the phloem is 
slightly acidic with a pH of around 6 (Hijaz & Killiny, 2014). Other studies found that ruthenium 
MLCT complexes had longer lifetimes in a solid cellulose acetate matrix than in solution 
(Lumpkin et al., 1990). Since plant tissue is high in cellulose content, we speculate that this 
environment could also lend to the longer excited state lifetimes observed in planta. Lastly, 
viscosity may play a role in the decay profiles seen, whereby increased viscosity decreases the 
overall decay of the excited state lifetime (Terpetschnig, Szmacinski, Malak, & Lakowicz, 
1995), as phloem and xylem sap are more viscous than the water and methanol solution the 










Figure 37: FLIM images of the 3hr Treated Section (Phl/Xyl) 
Conjugate is present in all phloem sections and only present in the bottom xylem section, indicating microneedle delivery was 
effective at phloem-delivery.
 86 
5.3 Conjugate Translocation over Time 
5.3.1 FLIM Confirmation of Translocation 
 Fluorescence Lifetime Imaging (FLIM) was utilized to identify the presence of the 
ruthenium bipyridine-streptomycin conjugate over several time points. Figures 38 through 41 
illustrate the movement of conjugate over time from the treated section. Figure 38 shows that the 
-5cm sections did not contain any conjugate, thus it is likely that no conjugate translocated down 
from the treated section into the roots. Mechanistically, downwards movement can be attributed 
to phloem-led flow. However, it should be noted that phloem moves upwards depending on the 
growth season for the plant. Since no conjugate is seen in the roots of the plant, 
it is unlikely that phloem is driving any downwards movement of the conjugate. 
Figures 39 shows the +3cm section where we can observe the appearance of conjugate at 
the 24 hour time point with the appearance of more vibrant colors, and subsequently longer 
lifetimes, in the sections after that time. Figure 40 shows the +6cm section where similarly the 
conjugate is present after 24 hours. Finally, in Figure 41 the conjugate is not seen in the +9cm 
section until the 48 hour time point. Curiously, this translocation occurs slower than that of 
previous work with only an unconjugated ruthenium tris(bipyridine) dye, which traveled 
approximately 24 hours quicker (Miller et al., 2019). We propose that the size of the conjugate is 
one factor in its slower movement upwards over time. This occurs as a direct result of size 
exclusions present in planta whereby larger molecules have more difficulty navigating the 
various pathways present in cellular conditions due to size constraints.  
 From the figures we observe the conjugate present in both xylem and phloem uniformly 




in plants is attributed to xylem-led flow (Evert & Eichhorn, 2012; Mauseth, 2012; Ross & 
Lembi, 2008). Since our delivery via microneedles occurred primarily in the phloem, we surmise 
that the conjugate travelled from the phloem to the xylem, where it was translocated upwards, 
though phloem could have played a role in its upwards movement. Most solutes present in xylem 
sap are either inorganic ions, and small organic molecules (Evert & Eichhorn, 2012). 
Considering the conjugate is composed of an organic molecule attached to the organic ligands of 
an inorganic metal center, we consider this pathway highly probable. As it moved upwards, the 
conjugate also found its way laterally to the phloem. The mechanism through which this occurs 
is generally accepted to be via plasmodesmata (Evert & Eichhorn, 2012; Mauseth, 2012). These 
channels connect the xylem and phloem and allow exchange between both systems via a 
symplastic mechanism. As previously mentioned, and shown in Figure 38, the conjugate did not 
make its way down towards the root system of the plants. This does provide further evidence that 
the movement of the conjugate could be primarily led by xylem as its movement is directed 
upwards. Something of note, is that phloem can contribute to upwards movement. Based on the 
limitations of this study, we cannot conclusively exclude its possible contribution. As mentioned 
previously, phloem can move upwards when the “sink” or growth area, is above that of the 
source. The plants were put under growth conditions in the incubator, and therefore the phloem 
could have contributed in some manner to upwards movement of the conjugate. Further studies 
would need to be conducted to determine the exact mechanism for translocation; however, for 





It should be noted that FLIM uses relative, approximate excited state lifetimes to create 
an image. Thus, while the maximum lifetime shown in the figure is 150 ns, they are approximate 
and relative to the components present in the sample, whereby if more short lifetimes are present, 
the overall approximate lifetime for the image will decrease. As such, there may be much longer 
components that are not easily visualized with this method. Likewise, some of the time points in 
Figure 39-41 exemplify limitations in utilizing the approximate lifetime in FLIM, as it is difficult 
to distinguish the presence or absence of the conjugate based on the scale presented. For this 
reason, in the subsequent section we performed TCSPC spectroscopy on individual pixels to 






Figure 38: FLIM images of all xylem and phloem time points at -5 cm from the treated 
area 






Figure 39: FLIM images of all xylem and phloem time points at +3 cm from the treated 
area  
Ruthenium-streptomycin conjugate is present in the 24 hour to 168 hour time points. It is unclear 






Figure 40: FLIM images of all xylem and phloem time points at +6 cm from the treated 
area  
Ruthenium-streptomycin conjugate is present in the 96 hour to 168 hour time points. It is unclear 






Figure 41: FLIM images of all xylem and phloem time points at +9 cm from the treated 
area  
Ruthenium-streptomycin conjugate is present in the 48 hour to 168 hour time points. It is unclear 
if it is present in the 24 hour time point. 
 
5.3.2 TCSPC Decay Curve Confirmation of Translocation 
 Three TCSPC decay curves were taken per image and representative curves were used to 
compose Figures 42 through 45. The figures here illustrate similar results to those found in the 
FLIM images, in that the conjugate is not seen in the -5cm sections, and that the movement of 
the conjugate is not seen in the +9cm section until 48 hours post treatment. However, the 




the FLIM images. The excited state lifetimes range from 627 ns to 1366 ns, which is in stark 
contrast to the 150 ns maximum seen in the FLIM images. The reason for this disparity is due to 
differences in relative intensities of each component present in the images vs curves. FLIM is an 
approximate and relative method that is useful in comparison to a control. It’s relative intensity 
of the plant components are much higher than that of the conjugate. The measured lifetimes 
reflect that, and our scale is limited to a maximum of 150 ns. In contrast, TCSPC spectroscopy 
utilizes the lifetime from a single pixel of the FLIM image. In this way we can reduce the 
relative intensity of the plant autofluorescence and increase that of the conjugate. As a result, we 
observe a much longer lifetime in the TCSPC curves since the relative intensity of the conjugate 
is much higher.  
In tandem with the FLIM data, we can conclude that there is further evidence of the 
conjugate being present in the FLIM images with lifetimes greater than 60 ns. As seen in Figure 
43, the TSCPC curves explicitly show the conjugate at 24 hours, and every time point after that, 
in the +3cm sections. Figure 44 shows similar results for the +6cm sections. Finally, based on 
Figure 45, we can conclude that after 48 hours, and not 24 hours, the conjugate has translocated 
in both xylem and phloem upwards +9 cm above the treated section.  
In many sections there was a notable decline of the excited state lifetime in the 168 hour 
time point. We attribute this observation to the following two explanations. First, we speculate 
the conjugate’s fluorescence is beginning to quench after being in planta for 168 hours as a result 
of photodegradation and/or plant metabolism. As a result of decreased fluorescence, there are 
less photons hitting the SPAD detector. This inevitably leads to a curve that is missing counts, 




lifetime will be decreased, and experimentally that is what was observed. Alternatively, instead 
of quenching there could simply be less conjugate in these sections, because the conjugate 
spreads more uniformly throughout the plant since the maximum height has been reached. This 






Figure 42: Waterfall Graphs of Decay Curves for Images in Figure 14 (-5cm)  
Curves from the -5cm cross sections show no long excited state lifetimes, confirming the data presented in the FLIM images. 






Figure 43: Waterfall Graphs of Decay Curves for Images in Figure 15 (+3cm) 
Curves from the 24 hour and 48 hour sections show that the conjugate is definitively in both sections. They also show further 








Figure 44: Waterfall Graphs of Decay Curves for Images in Figure 16 (+6cm) 
Curves from the 24 hour and 48 hour sections show that the conjugate is definitively in the 24 hour section. They also show 







Figure 45: Waterfall Graphs of Decay Curves for Images in Figure 17 (+9cm) 
Curves from the 24 hour and 48 hour sections show that the conjugate is definitively in the 48 hour section and not the 24 hour 





Figure 46: Average Lifetime Measurements in both Xylem and Phloem over all time points 
& cross-sections 
Graphs illustrate the translocation of the conjugate over the 168 hour period. At 48 hours the 





Figure 46 describes the entirety of the translocation study by plotting the average excited 
state lifetime of every cross section for every time point. Average lifetime is a single value 
representative of the multiple components present in any given curve, such that both the short 
autofluorescent lifetime of the plant, and the long excited state lifetime of the conjugate are 
incorporated into a single number. The average lifetimes are intensity weighted and provide a 
simpler way to visualize the distribution of lifetime components present in each TCSPC decay 
curve. What is visualized is a representation of the translocation of the conjugate over time. In 
the -5 cm section in every time point there is a low lifetime matching previous data. The treated 
section (bottom, middle, top) sections all have long excited state lifetimes. This matches our 
expectation as the conjugate was directly applied to these sections via microneedle. After 24 
hours, based on the length of lifetimes seen in previous data as well as in Figure 40, the 
conjugate is in the +3 cm and +6 cm sections. By 48 hours, the conjugate is seen in every section 
taken above the treatment area including the +9 cm section. The averages presented were 





CHAPTER SIX: CONCLUSIONS AND OUTLOOK 
 In this thesis we sought to conjugate streptomycin to a modified ruthenium(II) 
tris(bipyridine) dye as a method to track antibiotic translocation over time in planta. After 
synthesis, characterization via RP-HPLC, FTIR, UVvis & fluorometry, and FLIM and TCSPC 
were performed to identify purity, successful conjugation, and optical properties, respectively. 
Further studies were conducted to identify the properties of the conjugate in planta. These 
studies showed an extended excited state lifetime of the conjugate upon placement in biological 
conditions, which is speculated to be somewhat driven by pH, matrix, and viscosity (Lumpkin et 
al., 1990; San Tan et al., 2017; Terpetschnig et al., 1995). Subsequently, the translocation of the 
conjugate was determined over a 168-hour period. Results indicated that the conjugate moves 
upwards and can be found 6 cm above the treated area after 24 hours, and in all sections above 
the treated area after 48 hours. It should be noted that this movement is slower than prior work 
utilizing only ruthenium(II) tris(bipyridine) dye (Miller et al., 2019). We surmise this is due to 
the molecular size of the conjugated antibiotic, which is approximately double in atomic weight 
from that of the previously used ruthenium dye.   
 While the experiments conducted do not explicitly test for mode of transport, we can 
extrapolate much from the results. It was seen that over time the conjugate moved upwards over 
time but did not move down towards the root system of the plant. Mechanistically, the xylem 
flows upwards from roots to shoots, while phloem moves from source to sink. Thus, the 
conjugate may move as a solute in the xylem, allowing its movement upwards and translocation 




movement upwards, as the plants were put in growth conditions that could facilitate such 
movement. 
 Currently, these results indicate that streptomycin does translocate systemically upwards 
when applied directly in the phloem. Other studies have found similar results, though their 
spatial resolution was limited by their methods. To overcome this some had proposed 
fluorescence microscopy to acquire spatial resolution; however, the limited efficacy of this 
method due to spectral overlap and detector saturation have prevent any major advances. Our 
methods have been able to overcome these limitations by utilizing time-resolved measurements 
of a fluorescently tagged antibiotic. We can conclude that, when applied directly to plant 
vasculature, fluorescently conjugated streptomycin does translocate upwards and is located in 
both the xylem and the phloem. Given the ability to now confirm tissue localization, these results 
should be utilized to conduct subsequent experiments to determine the uptake kinetics of the 
conjugated streptomycin. 
 Subsequent work should also further characterize the synthesized conjugate solution. 
While HPLC and FTIR spectroscopy were conducted, further studies utilizing NMR and carbon, 
nitrogen, hydrogen elemental analysis would elucidate the characteristics of our final solution. 
By comparing the relative ratios of carbon, nitrogen, and hydrogen before and after our reaction, 
we can further the knowledge of the overall composition of the solution and provide 
supplementary evidence of successful conjugation. Mass spectroscopy could also provide further 
information in determining the ionization fragments and overall structure of the conjugate. Once 
a control is established, this could be subsequently be run on HPLC-MS to supplement the 




of the solid conjugate would aid in determining its physical properties further. This would be 
important in the case of freeze drying the conjugate to resuspend at a later time.  
 As it stands, foliar application of streptomycin is the most widespread application method 
that growers utilize. As such, further experiments regarding the kinetics of this conjugate after 
application via foliar spray should be conducted to determine approximate uptake by leaves. 
Given the current field of foliar applied treatments, a more in-depth review of adjuvants, or 
additional components to increase uptake of the active ingredient, would need to be had in the 
context of adding them to the synthetic procedure described here. Similarly, root drench studies 
could be conducted to evaluate the uptake of the conjugate by roots. This would aid in 
determining if the conjugate can pass through the Casparian strip which would allow further 
determination of an apoplastic or symplastic movement pathway between cells in the roots, as 
the strip forces molecules to pass it via the symplastic pathway on the way to xylem tissue from 
roots. It would also be beneficial in determining the localization of the conjugate either 
interstitially, to the cell walls, or intracellularly, within the cytoplasm of the cell. Based on our 
results, in some capacity the conjugate is localized in both areas, especially in the treated 
sections. However, a clearer way to distinguish this may be through confocal fluorescence 
microscopy, which barring the issues discussed extensively in this thesis, would provide some 
idea as to the mechanism of movement and localization. Ultimately the goal of future studies 
should be the determination of delivery and tracking, such that the concentration of conjugate 
delivered is determined. Ultimately this can be compared to a control minimum inhibitory 
concentration to mitigate HLB to indicate if the concentration delivered is sufficient to kill the 




conjugate, apply that concentration to the plant, and then determine the concentration in the plant 
phloem by utilizing a variety of different methods. One such method being scanning electron 
microscopy (SEM) with elemental mapping. This method would allow the determination of 
ruthenium content in plant sections based on its ratio to calcium, an ion abundant in plants. This 
would be compared to a control section and the overall abundance of ruthenium could indicate 
how much conjugate is delivered in these sections, as well as provide spatial resolution to see 
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Figure 4: This work is licensed under a Creative Commons Attribution 4.0 International License. 
 Based on a work at http://faculty.ccbcmd.edu/~gkaiser/index.html. 
Figure 5: This work is licensed under a Creative Commons Attribution-NonCommercial-No 
Derivatives License (CC BY NC ND).  
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